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 Summary 
The protein factory of the cell, i.e. the ribosome, contains a whole host of modified 
nucleotides, which are important for its function. Of the post-transcriptional 
modifications in RNA, pseudouridylation and methylation are the most abundant. 
Pseudouridine synthases catalyze the isomerization of uridine to pseudouridine (Ψ) in 
rRNA and tRNA. Methylation, on the other hand, involves the transfer of methyl 
group/groups to a specific target base or ribose moiety. A detailed introduction to RNA 
modification is given in Chapter I.  
 
The pseudouridine synthase RluF from Escherichia coli (E.C. 4.2.1.70) modifies U2604 
in 23S rRNA, and belongs to a large family of pseudouridine synthases present in all 
kingdoms of life. In Chapter II of this thesis, we report the domain architecture and 
crystal structure of the catalytic domain of E. coli RluF at 2.6 Å resolution. Limited 
proteolysis, mass spectrometry and N-terminal sequencing indicate that RluF has a 
distinct domain architecture, with the catalytic domain flanked at the N and C termini by 
additional domains connected to it by flexible linkers. Structural comparison of RluF 
with its closest structural homologues, RsuA and TruB, suggests possible functional roles 
for the N-terminal and C-terminal domains of RluF.  
 RNA methyltransferases (MTases) are important players in the biogenesis and 
regulation of the ribosome, the cellular machine for protein synthesis. RsmC is a MTase 
that catalyzes the transfer of a methyl group from S-adenosyl-L-methionine 
(SAM/AdoMet) to G1207 of 16S rRNA. Mutations of G1207 have dominant lethal 
phenotypes in Escherichia coli, underscoring the significance of this modified nucleotide 
for ribosome function. Chapter III describes the crystal structure of E. coli RsmC refined 
to 2.1 Å resolution, which reveals two homologous domains tandemly duplicated within a 
 xi 
single polypeptide. We characterized the function of the individual domains and 
identified key residues involved in binding of rRNA and SAM, and in catalysis. We also 
discovered that one of the domains is important for the folding of the other. Domain 
duplication and subfunctionalization by complementary degeneration of redundant 
functions (in particular substrate binding versus catalysis) has been reported for many 
enzymes, including those involved in RNA metabolism.   
The E. coli MTase RlmI (previously known as YccW) specifically modifies 23S rRNA at 
the C1962 position to form 5-methylcytosine (m5C). The crystal structure of RlmI refined 
at 2 Å to a final R-factor of 0.189 (Rfree=0.241) is described in Chapter IV. The RlmI 
molecule comprises three domains, the N-terminal PUA domain, the central domain that 
resembles a domain previously found in RNA:5-methyluridine (m5U) MTases and the C-
terminal catalytic domain that contains the AdoMet-binding site. The central and C-
terminal domains are linked by a β-hairpin structure that has been previously observed in 
several MTases that act on nucleic acids or proteins. Based on bioinformatics analyses, 
we propose a model for the RlmI-AdoMet-RNA complex. Comparative structural 
analyses of RlmI and its homologs provide insight into the potential function of several 
presently uncharacterized protein structures that have been solved by Structural 
Genomics groups and, furthermore, indicate that the evolutionary paths of RNA and 
DNA m5U and m5C MTases have been closely intertwined.   
A fundamental question that needs to be addressed in RNA biology is the structural basis 
for substrate recognition by RNA modifying enzymes, which play crucial roles in the 
functioning of the ribosome. Future mechanistic investigations on RNA modifying 
enzymes should benefit from the research detailed in this thesis.  
 xii 
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1.1 The Ribosome  
 The ribosome is the site of protein synthesis in a cell and is present in all three domains 
of life. The bacterial ribosome has a mass of about 2.4 MDa (Mega Daltons) of which 
66% is RNA and the remaining is accounted for by ribosomal proteins. Ribosomes, in 
even simple organisms, consist of more than fifty different protein and RNA components. 
The function of ribosomes is essentially the same in all living cells. They translate 
mRNA to make proteins using amino acids delivered by tRNA. Ribosomes are found 
either free in the cytosol or attached to intracellular membranes. The determination of 
high resolution crystal structures of the 30S subunit of T. thermophilus (Wimberley et al., 
2000; Schluenzen et al., 2000) and the 50S subunit of H. marismortui and D. radiodurans 
(Ban et al., 2000; Harms et al., 2001) was the result of about thirty years of dedicated and 
relentless efforts in the area of structural and molecular biology. Such studies have made 
it possible to address the biochemistry of genetic decoding and the formation of the 




Figure 1.1   3.3 Å resolution structure of the 30S ribosomal subunit of  
  T. thermophilus (adapted from Schluenzen et al., 2000)  




Figure 1.2  3 Å resolution structure of the 50S ribosomal subunit of  
            D. radiodurans (adapted from Harms et al., 2001) 




The prokaryotic ribosome or the 70S ribosome is made up of two RNA-protein 
complexes, namely the 30S subunit and the 50S subunit. The 30S subunit or the small 
subunit (SSU) is composed of 20 proteins and a single-stranded rRNA molecule (~1,500 
nucleotides) termed the 16S rRNA. The 50S subunit or the large subunit (LSU) contains 
34 proteins and two RNA species, a 5S rRNA (~150 nucleotides) and a 23S rRNA         
(~ 2,900 nucleotides). Ribosome-associated proteins (r-proteins) are mostly positively 
charged proteins, with a high proportion of lysine and arginine residues, facilitating 
complex formation with acidic RNA. As mentioned before, the ribosome is the protein 
producing machinery of the cells and even among phylogenetically distinct organisms, a 
remarkable degree of similarity can be found in the ribosomal structure.  
 
Characteristics Bacteria Archaea Eukarya 
Ribosome size 70S 70S 80S 
Small subunit    
Size 30S 30S 40S 
Mass(MDa) 0.8 0.8 1.4 
rRNAs 16S 16S 18S 
Number of r-
proteins 
20 28 32 
Large subunit    
Size 50S 50S 60S 
Mass(MDa) 1.6 1.6 2.6 
rRNAs 23S, 5S 23S, 5S 28S, 5.8S, 5S 
Number of r-
proteins 
34 40 46 
 
Table 1.1 Composition of the Ribosome from the three domains of life 
(Table adapted from Poehlsgaard and Douthwaite, 2005). 
 
 However, despite alterations to RNA and protein sequence, retention of the overall 
tertiary folds of the ribosomal components has been observed. This conservation of 
structure is especially conspicuous in regions of the ribosome that are directly engaged in 
the functional steps of protein synthesis. 
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Figure 1.3 Functional parts of the ribosome  
Upper panel a) Left: 30S subunit of the T. thermophilus ribosome is depicted with the 
backbone traces of rRNA in yellow and the r-proteins in orange; b) Right: 50S subunit 
with rRNA in grey and r-proteins in blue. The A (aminoacyl) site is the point of entry of 
aminoacyl tRNA (with the exception of the  first aminoacyl tRNA, fMet-tRNAfMet, which 
enters at the P site). The peptidyl tRNA is formed in the P (peptidyl) site of  the 
ribosome.The E (exit) site is the site through which the uncharged tRNA leaves the 
ribosome after it transfers its amino acid to the growing peptide chain. c) Lower panel: 
Illustration of the 70S ribosome. The incoming mRNA (magenta), the anticodon 
containing tRNA (green) and the route of exit of the synthesized polypeptide chain (red) 





The ribosome is thus a complex system comprising interdependent components that have 
to be arranged in a particular order so that it can carry out the multi-step process of 
protein synthesis. Optimal arrangement of the component parts of the ribosome is 
essential for ribosomal function. This fact is clearly illustrated by the mechanisms of 
action of ribosome-targeting antibiotics that lodge in between the crucial components, 
causing loss of function of the ribosome, thereby preventing protein synthesis from 
taking place (Poehlsgaard and Douthwaite, 2005). 
 
As the ribosome undergoes maturation, the primary transcript gives rise to chemically 
altered nucleosides. Such post-transcriptional modifications of RNA are essential for 
functional RNAs to become mature so that they can fulfill their function. The ribosome 
contains more than 100 types of structurally distinguishable post-transcriptional 
nucleoside modifications. The precise role of each of these modifications continues to 
puzzle scientists to this day (Rozenski et al., 1999; 
http://medlib.med.utah.edu/RNAmods).  
 
The concentration of the modified nucleotides in the functionally important regions of the 
ribosome in E. coli and yeast came to light with the development of three-dimensional 
maps of the modified nucleotides. Approximately 95% of the modifications in E. coli and 
60% in yeast occur in functionally important regions that include the peptidyl transferase 
centre (PTC), the A, P and E sites of tRNA and mRNA binding, the polypeptide exit 
tunnel, and sites of subunit–subunit interaction. These observations suggest that there 
may be a direct relationship between nucleotide modifications and ribosomal function 




Figure 1.4 Secondary structure of the E. coli ribosome showing the distribution of modified nucleotides in the 16S and 23S rRNA 
Figure adapted from the Gutell laboratory comparative RNA site (http://www.rna.ccbb.utexas.edu/). Pseudouridines and modified 
pseudouridines (Ψ):  red triangles; 2′-O-methylations (Nm):  green circles; Base methylations (mN) plus one LSU dihydrouridine: orange 
squares.
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1.2 Post transcriptional modifications in ribosomal RNA  
Despite being reported in early literature, rRNA modifications have not received as much 
attention as tRNA. Some of the reasons are that limited sequence studies were carried out 
at the RNA level and there was paucity of information with respect to the role of 
modification in structure-function relationships of rRNA. In making an unequivocal list 
of modified nucleosides in rRNA, the authors of the RNAmods database 
(http://library.med.utah.edu/RNAmods/) faced several problems. The limiting factors 
were inadequacy of methods for structural identification and cross contamination (with 
other rRNA) issues. The authors also feel that identification in the early sixties was based 
almost exclusively on chromatographic behavior and hence they might have led to 
erroneous assignments, especially in the case of structurally new or unexpected 
nucleosides. They stress the importance of verifying some of these occurrences using 
“rigorous experimental methods”. The sites and identities of posttranscriptional 
modifications in the E. coli rRNAs are the most extensively studied of any prokaryote 
and by comparisons of earlier reports with more recent ones, ambiguous assignments that 
have not been subsequently verified by independent methods can be excluded              
(e.g. m22G, and D and I in 16S, and I, m4C and m3U in 23S rRNA) 
(http://library.med.utah.edu/RNAmods/). 
There are three basic types of modification found in rRNA, namely pseudouridylation, 
base methylation and sugar (ribose) methylation. Highly specific enzymes such as 
pseudouridine synthases and methyltransferases are devoted to bringing about these 
modifications. Structural and functional roles have been assigned to these prevalent RNA 










1.3 Identification of Modified Nucleotides 
Some of the initial approaches for identification of modified nucleotides were in vivo 
radiolabeling of newly synthesized RNAs followed by ribonuclease fingerprinting and 
sequencing of the RNA fragments (Maden 1986, 1988; Maden et al., 1995) and  for short 
RNAs, direct RNA sequencing using ribonuclease digestion and thin-layer 
chromatography (TLC) (Reddy et al., 1981; Kuchino et al., 1990; Grosjean et al., 1998). 
However, the above methods were tedious and therefore prompted the development of 
newer reverse transcription based techniques (Grosjean et al., 1995; Maden et al., 1995). 
These techniques exploited the fact that modified nucleotides can cause stops/pauses 
during reverse transcription, and modifications could be detected. Such approaches have 
greatly facilitated the process of identification of RNA modifications (Jady et al., 2003; 
Kaya and Ofengand, 2003; King et al., 2003; Ma et al., 2003; Maden et al., 1995; 
Massenet et al., 1998; Ofengand and Fournier, 1998; Kiss, 2002).  Yu and his colleagues 
developed a highly sensitive technique based on  site-specific RNase H cleavage (RNase 





H cleaves RNA only where the 2′-OH position of the sugar ring is unmodified) which 
would allow quantitation of the level of 2-O methylation in RNAs (Yu et al., 1997). This 
specific technique been recently extended to the detection and quantitation of base 
modifications such as pseudouridines and base-methylated residues (Zhao and Yu,  2004 
a). 
1.4 Pseudouridines and Pseudouridine synthases 
Pseudouridine (Ψ) or 5-ribosyluracil is the C-glycoside isomer of the nucleoside uridine.  
It was the first modified nucleoside to be discovered in RNA, and is also known  as the 





Pseudouridine is unique in that it possesses a C-C rather than the usual N-C glycosyl 
bond that links the base and sugar. Also, as a free nucleoside, it seems to exhibit a 
preference for the syn-glycosyl conformation over the anti-glycosyl conformation that 
other nucleosides such as uracil adopt (Davis et al., 1998A and 1998B; Neumann et al., 
1980). However, in a polypeptide chain, it exists only in the anti-configuration (Davis et 




  5′  




  4′  
  5′  
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crystallography, nuclear magnetic resonance (NMR), as well as molecular dynamics 
(MD) simulations have been used to determine the effect that this modified nucleoside 
has on the RNA structure. These experiments have led to the conclusion that Ψ is 
responsible for conferring rigidity on both single and double stranded regions, even 
though both uracil (U) and Ψ share the same basic topology in RNA (Davis, 1998A; 
Auffinger and Westhof, 1998; Davis et al., 1998B; Yarian et al., 1999). Pseudouridine 
formation creates a hydrogen bond donor at the equivalent of uridine C5. Therefore, a 
major role of pseudouridine may be to strengthen particular RNA conformations and/or 
RNA-RNA interactions because of this extra H-bond capability. 
 
Pseudouridine is made by enzyme-catalyzed isomerization of specifically selected U 
residues after the polynucleotide chain is synthesized. This process is accomplished with 
the help of highly specific RNA modifying enzymes called Pseudouridine (Ψ) synthases. 
Ψ synthesis is found across all levels of organization ranging from prokaryotes to 
eukaryotes. It is among the most abundant modifications in rRNA besides the ribose 
methylations (Nm).  
 
There are 11 known E. coli Ψ in the ribosome, one in the small subunit and 10 in the 
large subunit, and 5 Ψ in tRNA. Pseudouridine synthases in E. coli were essentially 
grouped  into 4 families based on their sequence similarity- TruA, TruB, RsuA and RluA 
(Koonin, 1996; Gustafsson et al., 1996). Recently one more family, the TruD family 
(Kaya and Ofengand, 2003) was identified. Structures of representative enzymes from the 
above families were solved recently (Foster et al., 2000; Hoang and Ferré-D’Amaré,  
2001; Sivaraman et al., 2002 and 2004; Del Campo et al., 2004). The TruD family of Ψ 
synthases does not not appear to have any sequence similarity to the other Ψ synthases 
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(Kaya and Ofengand, 2003; Aravind and Koonin, 1999; Ma et al., 2003). Based on the 
crystal structure of E. coli TruD that revealed the circular permutation of the order of the 
secondary structures with respect to the other Ψ synthase family members (Ericsson et 
al., 2004; Hoang and Ferré-D’Amaré, 2004; Kaya et al., 2004), the evolutionary scenario, 
that TruD might have diverged from all other Ψ  synthases, was envisaged.  
 
Of the remaining 4 families of Ψ synthases, TruA and its homologs are unique in that 
they appear to function as dimers whereas all the others function as monomers. The TruA 
family shows minimal or no sequence similarity with the other known Ψ synthase 
families and this family is the most distantly related to the other known Ψ synthases. Ψ 
synthases belonging to the RluA and RsuA family are the most closely related and they 
share three conserved sequence motifs (Motifs I, II, III, refer to Chapter II, Figure 2.16) 
(Koonin, 1996). The TruB family also shares similar sequences with the two families 
mentioned above, but the Motif III is absent (Koonin, 1996). 
 
Some Ψ synthases like RsuA modify a single position in cellular RNAs of organisms 
whereas some others like TruB target U in structurally equivalent locations in multiple 
related RNAs (universally conserved Ψ55 in the TΨC loop of all elongator tRNAs of a 
cell). RluA recognizes 2 distinct types of RNAs (23S rRNA as well as tRNA) at positions 
that share local sequence and structural similarity. An interesting aspect of these enzymes 
is that despite a considerable lack of sequence similarity, enzymes from all 5 families 
adopt superimposable folds and share an essential active site Aspartate (Asp) residue and 
a common catalytic domain (Mueller, 2002; Ferré-D’Amaré, 2003; Sivaraman et al., 
2002 and 2004; Koonin et al., 1996) which lead to the belief that they might have 
descended from a common ancestor.  
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The table below shows the substrates for the different Ψ synthases and the critical 
Aspartate residue for each enzyme. 
 
Name Substrate RNA Modification site Catalytic  
Aspartate 
TruD family    
TruD tRNA 13 Asp80 
TruA family    
TruA tRNA 38,39,40 Asp60 
TruB family    
TruB tRNA 55 Asp48 
RsuA family    
RsuA 16S rRNA 516 Asp102 
RluB 23S rRNA 2605 Asp110 
RluE 23S rRNA 2457 Asp69 
RluF 23S rRNA 2604 Asp107 
RluA family    





RluC 23S rRNA 955,2504,2580 Asp144 
RluD 23S rRNA 1911,1915,1917 Asp139 
TruC tRNA 65 Asp54 
 
Table 1.2  The five families of pseudouridine synthases and their members 
Table adapted from Hamma and Ferré-D’Amaré, 2006. The sites of modification and the 
catalytic aspartate numbers correspond to the E. coli RNAs and enzymes respectively. 
 
How Ψ synthases, which share a common protein fold can display such diverse substrate 
specificity is a fascinating question in the evolution of molecular recognition. In addition 
to a common catalytic domain, a variety of independently folded domains are also present 
as N or C terminal extensions in several Ψ synthases. Some enzymes of the RluA and 
RsuA family have an N terminal S4-like domain, that is highly similar to the ribosomal 
protein S4. Enzymes of the TruB family have a C terminal PUA domain (Aravind and 
Koonin, 1999). The PUA (PseudoUridine synthase and Archaeosine transglycosylase) 
domain was named after the proteins in which it was first found (Aravind and Koonin, 
1999). It’s a highly conserved RNA-binding motif that is commonly found in enzymes 
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catalyzing post-transcriptional modifications in RNA (Hallberg et al., 2006). Another 
domain called the THUMP domain was also identified as an RNA-binding domain in 
predicted pseudouridine synthases of Archaea (Aravind and Koonin, 2001). The table 
below shows the domain organization of the different families of  Ψ synthases.  
 













     
TruD no no XAGXKD Yes No 
TruA 
family 
     
TruA no yes XXXRTD Yes No 
TruB 
family 
     
TruB no no HXGXLD Yes PUA domain 
RsuA 
family 










yes XXGRLD No CT domain 
RluA 
family 
     





yes XXHRLD Yes CT subdomain 
*X is any amino acid 
Table 1.3 Domain organization of the different families of Ψ synthases 
       Table adapted from Hamma and Ferré-D’Amaré, 2006. 
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1.5 Mechanism of Catalysis of pseudouridine formation 
The catalytic mechanism of pseudouridine formation must involve the breakage of  the 
glycosidic bond, rotation of the detached base and its reconnection to the ribose through 
C5. Two mechanisms have been proposed, the first of which involves a Michael addition 
[nucleophilic addition of a carbanion to an alpha, beta unsaturated carbonyl compound]  
at C6 by the catalytic Asp. (Kammen et al., 1988; Foster et al., 2000; Gu et al., 1999). 
Alternatively, the catalytic Asp could play a role in stabilizing the ribose portion of 
catalytic intermediates by forming an acylal intermediate, which has been proposed in the 
second mechanism (Huang et al., 1998). Please refer to Figure 1.5 on the next page. 
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Figure 1.5  Proposed catalytic mechanism of Ψ synthases (Figure adapted from  
Mueller, 2002) 
The stereochemistry of the reaction is based on the inhibition product bound to TruB 
(Hoang & Ferré-D’Amaré, 2001). Asp denotes the catalytic aspartate (the side chain 
carboxylate is depicted explicitly). A−H denotes a general acid; B denotes a general base. 
X = H in the substrate (U in RNA); X = F in the inhibitors (f5U in RNA). a) The first 
proposed mechanism involves a Michael addition at C6 of uridine by the catalytic 
aspartate (adapted from Foster et al., 2000); b) The second proposed mechanism (Huang 
et al., 1998) invokes the formation of an acylal intermediate by the catalytic Asp. 
Formation and decomposition of the acylal intermediate could also occur by an SN1 
reaction that generates a discrete oxocarbenium ion. 
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 The elucidation of the exact manner by which this happens still remains a challenge. The 
present lack of clear explanation for the catalytic mechanism of these enzymes is due to 
the varied interactions that the Ψ synthases have with 5-fluorouridine (f5U) containing 
RNAs. For instance, E. coli TruA and RluA are inhibited by f5U containing tRNAs with 
which they form an SDS-resistant complexes, whereas TruB efficiently isomerizes f5U 
containing substrates and is not inhibited (Spedaliere and Mueller, 2004). 
 
1.6  Functional role of Pseudouridine synthases  
It has also been shown that all pseudouridine residues in the RNA of large ribosomal 
subunits from E. coli to humans are present  in or around the Peptidyl Transferase Centre 
(PTC) region of the ribosome (Bakin and Ofengand, 1993; Bakin et al., 1994; Wrzesinski 
et al., 1995; Ofengand et al., 1995), implying their importance for the proper function of 
the ribosomes (Bakin et al., 1994). Another evidence for the above fact is the observation 
that, in cells lacking snoRNPs that form pseudouridines in the PTC, the ribosome 
structure and activity are adversely affected (King et al., 2003). Although the exact role 
of each pseudouridine residue has to be established, Ofengand and his colleagues  
suggested a role in processing of rRNA, RNA folding, ribosome tertiary structure, 
ribosome function or all of the above (Ofengand et al., 1995), thus attributing several 
biological roles for this modification. 
 
Pseudouridylation in the branch site recognition region (BSRR) of vertebrate U2 snRNA 
is essential for efficient assembly of the corresponding ribonucleoprotein and pre-mRNA 
splicing (Yu et al., 1998; Zhao and Yu, 2004B). In E. coli, the deletion of the RluD gene 
results in severe growth inhibition, decreasing the exponential growth rate two to three-
fold (Wrzesinski et al., 2000; Huang et al., 1998). Deletion of the TruB gene also resulted 
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in impaired growth in E. coli. This points towards the fact that RNA modification 
enzymes involved in the biosynthesis of the modified nucleosides may also serve to 
function as RNA chaperones, assisting in the correct folding of the substrate RNAs.The 
number of Ψ residues in eukaryotic rRNA is significantly higher (50-100) when 
compared to their prokaryotic counterparts (table below). 
 
Species Kingdom Number of Pseudouridines 
H. sapiens (E) ~ 95 
X. laevis (E) ~ 98 
S. cerevisiae (E) 44 
E. coli (B) 11 
S. solfataricus (A) 9 
 
 
Table 1.4 Comparison of rRNA pseudouridylations: Species from Three 
Phylogenetic Domains 
 (E) = Eukaryote, (B) = Bacterium, (A) = Archaeon. Data assimilated from Bachellerie & 




It therefore seemed unlikely that each of those residues would be generated by separate Ψ 
synthases. This mystery was solved when a new class of snoRNAs, namely, the box 
H/ACA, was identified. Here, the target site is selected for pseudouridylation by transient 
base-pair interactions between the antisense elements of the Box H/ACA snoRNA and 
the rRNA sequences on either side of the target uridine. As a result of this complementary 
base-pairing, a pseudouridylation pocket is created where the target U is unpaired, thus 
making it available for its Ψ synthase (Ni et al., 1997;  Ganot et al., 1997). 
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Figure 1.6  Schematic representation of a Box H/ACA sno RNA acting on rRNA 
The figure was modified from Balakin et al., 1996  by Charette and Gray, 2000. 
 
In eukaryotes and archaea, the Ψ synthase Cbf5, a member of the TruB family of Ψ 
synthases, functions as part of an RNP complex that consists of one of the many H/ACA 
RNAs and several accessory proteins (H/ACA snoRNP complex). These H/ACA RNPs 
are known to function not only as Ψ synthases, but also play an important role in the site 
specific cleavage of the precursor to 18S rRNA of yeast. In addition, vertebrate 
telomerase RNAs contain an H/ACA domain that assembles with Cbf5 and the accessory 
H/ACA RNP proteins (reviewed by Heiss et al., 1998). Telomerase stability and function 
are strongly dependent on the correct assembly of this domain. 
 
Genetic investigation has aided in revealing the functional roles of the Ψ synthases in 
species ranging from E. coli to Homo sapiens. For instance, mutations in the hisT gene 
that codes for a Ψ synthase Pus1 (member of the TruA family) adversely affect the 
aminoacyl-tRNA selection step during translation in E. coli and S. typhimurium, possibly 
because the stabilizing effects of Ψ 38/39/40 are lacking in these mutants (Yarian et al., 
1999). Similarly, the genetic disruption of DEG1 in S. cerevisae that encodes a TruA type 
Ψ synthase results in reduced growth rate, especially at higher temperatures (Lecointe et 
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al., 1998). Another important gene is the one that codes for the Ψ synthase Nop60B, also 
known as minifly, in Drosophila. Deletion of this gene proves lethal to the organism 
(Phillips et al., 1998; Giordano et al., 1999). There is  also compelling genetic evidence 
for the functional role of Ψ synthases in diseases such as Dyskeratosis congenita (DC). 
DC is a rare and malignant human disorder characterized by nail dystrophy, 
hyperpigmentation and bone marrow failure, and it occurs due to mutations in the DKC1 
gene which codes for Dyskerin (a Ψ synthase) (Heiss et al., 1998; Knight et al., 1999). 
 
In addition, mutations in 3 genes namely Nsp1p (a nucleoporin), Los1p (another 
nucleoporin that affects tRNA splicing) and Pus1p (a pseudouridine tRNA synthase) of 
yeast, combine to produce a lethal phenotype (Grosjean et al., 1997). Current data point 
towards the fact that the modifications have crucial functions. The role of some of these 
enzymes has come to light, but others still remain elusive. Understanding the structural 
basis for substrate recognition of the highly site-specific enzymes as well as the structure-
function relationships of the different families of the Ψ synthases forms the focal point of 
various research groups working on RNA modification. 
 
Shortly after pseudouridine was reported as the fifth nucleoside, a host of base-
methylated (mN) and sugar-methylated (Nm) nucleosides were isolated and cumulatively 
labeled as the second most abundant class of modified nucleosides (Littlefield and Dunn, 
1958; Smith and Dunn, 1959 a and b ). mN was observed to be present in greater quantity 
in eukaryotic (liver) tRNA than rRNA (Dunn, 1959), whereas Nm was present in a 
greater quantity in eukaryotic (wheat) rRNA (Lane, 1965) than tRNA (Hudson et al., 
1965).  In case of base methylation, the methyl groups are bonded to endocyclic carbon 
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or endocyclic/exocyclic nitrogen of the base, whereas for  ribose methylation, the methyl 
group is bound only to the exocyclic  2′-O of ribose. 
  
1.7 Base Methylation and Methyltransferases 
Methylations are alkylation reactions which are central to cellular chemistry and involve 
the addition of a methyl group or groups to the target by highly specialized enzymes 
termed methyltransferases (MTases). Of the 37 known modifications present in E. coli 
ribosomal RNA, 21 are selective base-methylations (Rozenski et al., 1999). Base 
methylation occurs late in ribosome maturation, and occurs only in highly conserved 
rRNA sequences. It is the best conserved modification in total number and position 
among all species, with bacteria containing slightly more than the 10 commonly found in 
eukaryotes (Data from Bachellerie & Cavaille, 1998; Ofengand & Fournier, 1998; Noon 
et al., 1998). 
Species Kingdom  Base methyls (mN) 
H. sapiens (E) 10 
X. laevis (E) 10 
S. cerevisiae (E) 10 
E. coli (B)                   22 
S. solfataricus (A) 8 
 
 
Table 1.5 Comparisons of rRNA base methylations for species from three 
Phylogenetic Domains 
 (E) = Eukaryote, (B) = Bacterium, (A) = Archaeon. Data assimilated from Bachellerie & 
Cavaille, 1998; Ofengand & Fournier, 1998 and Noon et al., 1998. 
 
 
Methylated residues, similar to pseudouridines, are localized to functionally important 
sites on the ribosome such as the tRNA binding sites, the decoding region and the mRNA 
binding area. However, the function of these nucleotides is poorly understood and few of 
these modifications are strongly conserved between species. The collective importance of 
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these modifications in the functioning of the ribosome has been illustrated by experiments 
that show authentic rRNAs have a higher protein synthesis efficiency as compared to the 
unmodified 16S (Krzyzosiak et al., 1987) or 23S rRNA (Green and Noller, 1999; 
Khaitovich et al., 1999) counterparts. In addition, competition experiments indicate that  
several strains lacking the modification enzymes exhibit growth defects as compared to 
wild-type strains.  
 
Base methylations are also believed to play significant roles in in vivo functions of 
ribonucleoprotein particles and influence processes such as maturation of various pre-
RNAs, stabilization of assembly, and transport of ribosomes and spliceosomes, as well as 
modulation of splicing and protein synthesis (Grosjean and Benne, 1998). For instance, 
the mutants of E. coli deficient in the production of KsgA (RsmA) showed increased 
leakiness of nonsense and frameshift mutants and alteration in the decoding fidelity at 
both the A site and peptidyl tRNA site of the 16S rRNA (Poldermans et al., 1979; 
Igarashi et al., 1981; van Knippenberg, 1986; van Buul et al., 1984). A point of relevance 
in therapeutics is the mechanism by which bacteria acquire antibiotic resistance by 
methylation of the target site on the substrate rRNA. This is of particular concern with 
respect to the application of aminoglycosides to treat gram negative pathogenic 
infections, as specific methylations within the A site of the 16S rRNA hamper the binding 
of the aminoglycosides to the 30S ribosomal subunits. 
 
An example of base methylation is the monomethylation of the exocyclic amine of 
guanine. Guanosine residues methylated at the N2 position are the second and most 
abundant modified rRNA nucleotides after the pseudouridines. The 16S rRNA contains 3 
such modified residues at G966, G1207 and G1516 (Anderson and Douthwaite, 2006). 
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G966 is located in the loop of a small stem-loop structure that has been implicated in 
tRNA binding at the P site of the ribosome. G1207 occurs in a region of the RNA 
involved in recognition of the peptide chain termination codons. In the ribosome 
structure, the above m2G residues as well as 7 other modified residues come together to 
form a compact cage surrounding the location of the anticodon stem loop structure of the 
tRNAs found at the A and P site. 
 
 In the 23S rRNA, the m2G2445 is part of  helix 74 which is directly linked to the 
peptidyl transferase circle in the rRNA secondary structure. The lack of methylation at 
this site as a result of deletion of the gene responsible for the specific methyltransferase 
leads to significant growth retardation and this consequence is the most prominent of all 
the ribosomal guanine (N2) MTases tested so far (Lesnyak et al., 2006). m2G1835 is 
located in a functionally crucial region of the ribosome, namely the intersubunit bridges 
of group B2. The absence of this methylation was found to result in reduced cell fitness 
of the organism, especially at higher temperatures and minimal media, suggesting a role 






 Figure 1.7 Modified guanosine distribution in E. coli ribosome 
 Figure adapted from Sergiev et al., 2007. The 16S and 23S rRNA are indicated by the 
colors, yellow and blue, respectively. 
 
 
The first step in the evaluation of the functional role of a particular methylated residue in 
the substrate is to identify the gene that encodes the enzyme, the methyltransferase, 
responsible for that specific methylation. The knowledge of the physiological roles of 
rRNA methylation is quite limited, partly because most of the experiments have been 
performed in vitro and only a few rRNA methyltransferases have been characterized to 
date. The target substrates for methyltransferases include lipids, small molecules, 
carbohydrates, DNA, RNA and proteins.  
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Nucleotide Modification Modifying enzyme 
(synonym) 
16SrRNA 
527 m7G RsmG* 
966 m2G RsmD* 
967 m5C RsmB (Fmu, YhdB) 
1207 m2G RsmC (YjjT) 
1407 m5C RsmF(YebU) 
1498 m3U RsmE (YggJ) 
1516 m2G RsmJ* 
1518 m62A RsmA (KsgA) 
1519 m62A RsmA (KsgA) 
23S rRNA 
745 m1G RlmA (RrmA, YebH) 
747 m5U RlmC (YbjF, RumB) 
1618 m6A RlmF* 
1835 m2G RlmG* 
1915 m3Ψ RlmH* 
1939 m5U RlmD (YgcA, RumA) 
1962 m5C RlmI* 
2030 m6A RlmJ* 
2069 m7G RslK* 
2445 m2G RlmL* 
2503 m2A RlmN* 
        * indicates enzymes with proposed designations, which are yet to  
           be identified. 
 
Table 1.6 The base methylation sites in E. coli rRNAs and their modifying enzymes 
Adapted from Andersen and Douthwaite, 2006.  The nucleotide numbering is for E. coli 
RNA.  
 
The most common methyl-group donor is S-adenosyl-L-methionine (AdoMet or SAM), 
the synthesis of one mole of which requires about 12 moles of ATP (Bakin et al., 1994). 
Borek and his colleagues (1980) consider such impressive energy investments as a strong 
pointer towards the biochemical importance of RNA nucleoside modifications. The 





S-adenosyl-L-methionine + rRNA       <=>            S-adenosyl-L-homocysteine +  
                          
                                                  rRNAcontaining modified base 
 
AdoMet dependent methyltransferases have a modular architecture consisting of the 
union of a common catalytic core and a variable substrate recognition module that allows 
the specific recognition of a wide variety of substrates (Fauman et al., 1999; Reid et al., 
1999). Sequence alignments of the catalytic domains of RNA and DNA MTases display 
up to 10 sequence motifs, designated 1-X. Functions of  these motifs have been assigned 
from structural studies (reviewed in Fauman et al., 1999). Motif I-V are involved in 
adomet binding and motifs IV, VI and VIII contain signature sequences for targeting 
specific bases. An interesting feature is that the catalytic nucleophile in the case of DNA 
m5C MTases is Cys in Motif 1V and for RNA m5C MTases is the Cys in Motif VI, 
suggesting that the catalytic nucleophile is not dependent on the target base that is to be 
modified, but on the nature of the substrate (DNA or RNA) (Liu and Santi, 2000). 
 
 Despite the wide range of target substrates and the lack of a sequence level conservation 
for methyltransferases, the enzymes exhibit a high degree of structural similarity, as is 
displayed by the conservation of what is known as the AdoMet-dependent consensus 
methyltransferase fold that is strikingly similar to the Rossmann fold. The consensus fold 
has 7 β strands in the order  β6↓ β7↑ β5↓ β4↓ β1↓ β2↓ β3↓ , where the 7th strand is 
inserted between strands 5 and 6 in an antiparallel orientation. This fold has served as a 
prototype to identify hypothetical methyltransferases of unannotated proteins in structural 
Methyltransferase 
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proteomics efforts. A notable exception to this rule is the protein arginine 
methyltransferase, which lacks the β6↓β7↑ antiparallel hairpin strands. 
 
An important aspect of the RNA methyltransferases is that they modify their target on the 
substrate during different stages of ribosome maturation. Some of them use naked RNA 
as the substrate whereas some others can target a specific site for modification, only after 
the subunit has fully assembled. This points to the fact that the different enzymes must 
have different substrate recognition mechanisms. Recently, several crystal structures of 
RNA modifying enzymes have been solved with and without the bound substrate, which 
will aid in decoding the basis for the selectivity of the enzymes for the myriad states and 
folds of RNA.  
 
The two classes of RNA modifying enzymes for which the mechanisms of substrate 
recognition are understood to some degree are pseudouridine synthases and 5-
methyluridine methyltransferases. The information we currently possess regarding the 
recognition and binding of the methyltransferases to their respective substrates is quite 
sparse and mostly based on the M.HhaI-DNA-SAH ternary complex and that of RumA-
RNA-SAH complex (O’ Gara et al., 1996; Lee et al., 2004 and 2005). The mechanism of 
catalysis of m5U and m5C SAM dependent MTases involves an attack of cysteine 
nucleophile on the enzyme to form a Michael adduct with the pyrimidine base, thereby 






Figure 1.8  Catalytic mechanism of AdoMet dependent RNA m5U MTases 
Adapted from Kealey et al., 1994. 
 
Some of the common strategies used by these enzymes for substrate recognition include 
electrostatic attraction and shape complementarity, stabilization of new substrate RNA 
folds, nucleotide flipping and use of flexible protein loops to accurately position the 
target nucleotide in the active site. 
 
In addition to the proposed role of the methyltransferases in bringing about a 
modification that might lead to slight changes in the local environment that influences 
rRNA folding and its interaction with specific proteins, an antibiotic resistance function 
for the MTases is also known. For example, knock-out of the methyltransferase KsgA 
(RsmA) in E. coli, which dimethylates two adjacent adenosine residues A1518 and 
A1519 on the 16S rRNA (van Buul et al., 1983; Helser et al., 1971 and 1972), confers 
antibiotic resistance to the aminoglycoside kasugamycin. Orthologs of this protein in 
eukaryotes such as yeast (Dim1) and in human mitochondria (h-mtTFB, human 
mitochondrial transcription factor; McCulloch et al., 2002), were found to serve 
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respective vital functions such as pre-RNA processing (Lafontaine et al., 1994 and 1995) 
and transcription, in addition to the MTase activity.  
 
Since the overall sequence homology is low between KsgA, Dim 1 and h-mtTFB, the 
sequence aligments failed to reveal the domains which might serve roles in pre-RNA 
cleavage and mitochondrial transcription. In order to expose the structural elements 
relating to the above functions, detailed structure comparisons may be required (O’Farrell 
et al., 2004). The RsmA family, however, was found to share a high level of sequence 
homology with the Erm enzymes that confer resistance to the MLS-B (macrolide 
lincosamide streptogramin B) group of antibiotics, by methylation of a single adenosine 
base in 23S rRNA (Skinner et al., 1983; van Buul and van Knippenberg, 1985). 
 
The E. coli methyltransferase, RsmB/Fmu/Sun, shares several motifs with two predicted 
m5C MTases, namely Nop2p (yeast) and p120 (proliferation associated nucleolar antigen, 
human). The former is a nucleolar protein that is essential for the viability of S. cerevisiae 
(de Beus et al., 1994), and reduction in its expression leads to growth retardation, 
decrease in the levels of mature 60S ribosomal subunit and alterations in rRNA 
processing (Hong et al., 1997). Yet another E. coli MTase ortholog in yeast, namely 
Pet56p, which is the rRNA Gm2270 MTase, is found to play an important role in the 
maturation of the mitochondrial large ribosomal subunit (Sirum-Connolly and Mason, 
1993). 
 
E. coli FtsJ/RrmJ is a MTase that targets U2552 of 23SrRNA (Caldas et al., 2000) and 
mutations in the genetic sequence of its homolog in humans, namely, FTSJ1, results in a 
condition called non-syndromic X linked mental retardation- NSXLMR (Freude et al., 
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2004). X linked metal retardation (XLMR) is a genetically and clinically heterogenous 
group of disorders of the brain affecting 1 out of 600 males (Herbst and Miller, 1980). 
Feder  and co-workers have classified the human FTSJ1 protein to be a member of the 
Trm7 subfamily, and a role in post-transcriptional modification has been suggested 
(Feder et al., 2003). Sequence homology also suggests a role for this protein in 
translation. This protein is expressed in high levels in the fetal brain, implying a role in 
brain development and cognitive processes. 
 
The feature of AdoMet dependent methyltransferases to bring about modification of 
targets in a highly specific manner has been exploited in a recent technique. Here DNA 
MTases were used for the sequence specific, covalent attachment of chemical groups to 
plasmid and bacteriophage DNA using synthetic AdoMet analogs. This technique can be 
extended to RNA and proteins as well and thus has the potential to serve as a highly 
precise molecular tool in biotechnology and for medical diagnostics (Klimasauskas and 
Weinhold, 2007). 
 
1.8 Aim and scope of the thesis  
 
Since the availability of the high resolution crystal structure of the ribosome, efforts have 
been directed towards understanding the modifications in rRNA. These efforts have led to 
the identification and characterization (both structural and functional) of a host of rRNA 
modifying enzymes that have been reviewed extensively in this chapter. For our part, we 
have concentrated our efforts on elucidating the structures of three key targets that fall in 
the category of the two most abundant classes of rRNA modifying enzymes, namely RluF 
(pseudouridine synthase), and RsmC and RlmI (methyltransferases). These three enzymes 
have very different substrate specificities. RluF specifically converts U2604 of 23S rRNA 
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to Ψ, RsmC is responsible for monomethylation of  G1207 of 16S rRNA, and RlmI adds 
a methyl group to C1962 of 23S rRNA in E. coli. All three modifications occur in 
functionally important sites of the ribosome. These enzyme structures were solved  by  
X-ray crystallography. In addition, other experiments such as mass-spectrometry, site-
directed mutagenesis, bionformatics analyses, docking and isothermal titration 
calorimetry have also been carried out to understand the functional implications of these 
enzymes. Moreover, we have attempted to further enhance the understanding of the 
structural basis for substrate recognition as well as to shed light on the structure-function 
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 Pseudouridines located in the large subunit rRNA (23S rRNA) are modified by six 
different pseudouridine synthases (Del Campo et al., 2001). RluF (Ribosomal Large 
Subunit Pseudouridine synthase F, formerly YjbC) specifically modifies the uridine at 
position 2604 and belongs to the RsuA family of Ψ synthases with which it shares 22% 
sequence identity (Del Campo et al., 2001). Both deletion and site-specific mutagenesis 
studies confirmed that Asp107, located within the motif GRLD (Del Campo et al., 2001),  
a conserved sequence found in members of the RsuA family (Conrad et al., 1999), is the 
catalytically essential aspartate in RluF. While deletion or mutation of the RluF gene does 
not affect the growth rate of E. coli, the location of Ψ2604 at the ribosome peptidyl 
transferase center, taken together with the conservation of Ψ2604 in rRNAs from diverse 
species, suggests that it has an important but as yet unidentified role in protein synthesis 
(Del Campo et al., 2001). 
 
Crystal structures of several bacterial pseudouridine synthases, mainly from E. coli, are 
known, including those of RsuA (Sivaraman et al., 2002; Matte et al., 2005), RluD 
(Sivaraman et al., 2004; Mizutani et al., 2004; Del Campo et al., 2004), RluC (Mizutani 
et al., 2004), TruA (Foster et al., 2000), TruB (Hoang et al., 2001; Chaudhuri et al., 2004; 
Pan et al., 2003; Phannachet and Huang, 2004) and TruD (Kaya et al., 2004, Hoang and 
Ferré-D’Amaré, 2004, Ericsson et al., 2004). To date, the only co-crystal structures with 
bound RNA are for TruB (Hoang et al., 2001, Chaudhuri et al., 2004, Pan et al., 2003, 
Phannachet and Huang, 2004) and RluA (Hoang et al., 2006) while the structure of RsuA 
has been determined with bound uridine (Sivaraman et al., 2002).  
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As a continuation of our efforts to understand the relationship between the structure and 
modes of action of bacterial pseudouridine synthases, in this chapter we report the crystal 
structure of the catalytic domain of E. coli RluF (Asp66-Ser240, which also includes part 
of the linker sequence between the N-terminal and catalytic domains) refined at 2.6 Å 
resolution. A comparison of RluF with its closest structural homologues RsuA and TruB 
suggests possible roles of the N-terminal and C-terminal domains of RluF. 
 
2.2 Materials and Methods 
2.2.1 Expression and Purification 
The full-length rluF gene, as well as an N-terminal, 65-residue truncation (ΔRluF) were 
amplified from E. coli O157:H7 EDL933 genomic DNA (Perna et al., 2001) using 
oligonucleotide primers (IDT, Coralville, IA, USA) and cloned into the plasmid pF04, a 
derivative of pET15b (Novagen), containing an N-terminal, non-cleavable His6 tag. 
Plasmid DNA was transformed into E. coli BL21(DE3) and grown in 1 liter of LB broth 
at 37 ºC until the OD600 reached 0.5-0.6. Protein expression was induced with 100µM 
IPTG and continued to grow at 25 °C overnight. Cells were harvested by centrifugation 
(9000xg; 20 min, 4 ºC) and resuspended in 40 ml of lysis buffer (50 mM Tris pH 7.5,  
400 mM NaCl, 5% (v/v) glycerol, 10 mM imidazole, 0.5% (v/v) Triton X-100, 10 mM β-
mercaptoethanol (BME) and 1 tablet of CompleteTM protease inhibitor cocktail (Roche 
Diagnostics). 
 
 Selenomethionine-substituted RluF was prepared by growing cells under conditions of 
endogenous methionine synthesis inhibition in M9 medium, as previously described 
(Doublie, 1997). Incorporation of SeMet in the protein was verified by MALDI-TOF MS. 
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Purification of full-length RluF and ΔRluF was performed in two steps using DEAE 
Sepharose Fast Flow (Amersham Biosciences) followed by affinity chromagraphy with 
Ni-NTA agarose (Qiagen). The non-cleavable His6-tag protein was eluted with 350 mM 
imidazole following a series of wash steps. The eluted protein was dialyzed overnight 
against buffer (20 mM Tris-HCl pH 7.5, 250 mM NaCl, 5% (v/v) glycerol, 10 mM DTT, 
0.1 mM EDTA) to remove imidazole and further purified on a FPLC Hiload 16/60 
Superdex75 gel filtration column using an AKTA FPLC UPC-900 system (Amersham 
Biosciences), followed by concentration of the protein by ultrafiltration to 40 mg/ml. For 
molecular mass determination, the gel filtration column was calibrated with low 
molecular weight standards from Bio-Rad. 
 
2.2.2 Dynamic Light Scattering of RluF and ∆RluF  
Dynamic light scattering experiments on purified RluF/∆RluF were performed using a 
DynaPro™ (Protein Solutions™) Dynamic light scattering instrument. The quality of the 
protein samples was monitored at various stages of concentration in order to avoid 
aggregation. Experiments were carried out at 20 oC. The PolydIndx was lower than 0.1 




2.2.3 Limited Proteolysis and N-terminal sequencing 
A sample of purified RluF or ∆RluF (1 mg/ml) was incubated at 20 oC with trypsin (1 
mg/ml) at a ratio of 100:1 (w/w) for 30-60 minutes. Digestion products were separated by 
12.5% SDS PAGE. The protein was then transferred to a PVDF membrane by using a 
transblot apparatus (Biorad) at 200 mA for 1 hour and subjected to automated Edman 
degradation. 
 
2.2.4 MALDI-TOF MS and MS-MS Analysis of RluF 
Molecular weight determination was done with the aid of a Voyager STR MALDI-TOF 
mass spectrometer (Applied Biosystems). For MS/MS analysis, sample digestion, 
desalting and concentration steps were carried out by using the Montage® In-Gel 
digestion Kits (Millipore Corp.) Protein spots were analyzed using an Applied 
Biosystems 4700 Proteomics Analyzer MALDI-TOF/TOF (Applied Biosystems, 
Framigham, MA, USA). Data processing and interpretation was carried out using the 
GPS explorer Software (Applied Biosystems) and database searching was done using the 
MASCOT program (Matrix Science Ltd., London, UK).  The NCBI database was used 
for combined MS and MS/MS search. [Samples for the mass spectrometry experiments 
were prepared and analyzed by the PPC, DBS, NUS]. 
 
2.2.5 Analytical Ultracentrifugation 
Samples for analytical ultracentrifugation were diluted in buffer (50 mM HEPES pH 7.5, 
250 mM NaCl, 5% glycerol, 5 mM BME and 0.1 mM EDTA) to obtain an optical density 
(OD) of 1.0, 0.5 and 0.25 at 280 nm. Final dilutions were 1.0, 0.4 and < 0.2; the last 
dilution was discarded from the analysis. Sedimentation velocity data were analysed by 
the software ULTRASCAN 7.3 (Borries Demeler, University of Texas System, San 
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Antonio, Texas). The initial sedimentation profile was analysed by the van Holde-
Weischet method to identify homogeneity/heterogeneity of the solution.  Coefficient of 
sedimentation (s) and buoyant molecular weight (MW) were obtained with C(s) analysis 
with global frictional ratio (f/fo) floating to convergence. 
 
2.2.6 Crystallization 
Crystallization trials were carried out at 20 °C by hanging drop vapor diffusion using 
crystallization screens from Hampton Research (Aliso Viejo, CA, USA) and by the 
microbatch method using JB crystallization screens (Jena Biosciences, Jena, Germany). 
Initial crystals of ΔRluF was obtained in JB Screen 6, condition D2 containing 3 M 
ammonium sulfate, 1% (v/v) 2-methyl-2,4-pentanediol (MPD). The best native crystals 
were obtained by mixing 0.5 µl of protein in buffer with 0.5 µl crystallization solution 
under paraffin oil in a microbatch plate. Rod-shaped crystals with the smallest dimension 
measuring ~0.07 mm were obtained over the course of 4 days. Crystals belonged to space 
group P3221 with a= b=163.9 and c=59.6 Å and diffracted up to 3.0 Å resolution.  
 
For crystallization of SeMet ΔRluF, the protein was concentrated to 30 mg/ml, using a 
reservoir containing 2 M ammonium sulfate and 200 mM KSCN, by the hanging drop 
vapor diffusion method by mixing 1 µl of protein with 2 µl of buffer (20 mM Tris-HCl  
pH 7.5, 250 mM NaCl, 5% (v/v) glycerol, 10 mM DTT, 0.1 mM EDTA) and 3 µl of 
reservoir solution. Crystals measuring ~0.11 mm in length grew over the course of 2 
days, and belonged to space group P43212 with a= b=65.7 Å and c=215.9 Å and 
contained two molecules in the asymmetric unit. The Matthews coefficient is 2.2 Å3/Da 
(Matthews, 1968) giving a solvent content of 44%. 
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2.2.7 Data Collection, Structure Solution and Refinement 
The best cryoprotectant was identified to be a 1:1 mixture of mineral oil and paraffin oil. 
Crystals were cryoprotected in the above solution and flash cooled in a N2 cold stream at 
100 K. X-ray diffraction data for native ΔRluF crystals were collected to a resolution of 
3.0 using an R-axis IV++ image plate detector mounted on a RU-H3RHB rotating anode 
generator (Rigaku Corp., Tokyo, Japan). Attempts to solve the structure by molecular 
replacement, using the program AMoRe (Navaza, 2001) with the structure of E. coli 
RsuA (with which it shares 22% sequence identity) as the search model were 
unsuccessful. Subsequently, the structure was determined using crystals of SeMet-labeled 
protein by the multiwavelength anomalous dispersion (MAD) method (Hendrickson et 
al., 1990).  X-ray diffraction data were collected at beamline X25, National Synchrotron 
Light Source, Brookhaven National Laboratory using a Q315 CCD detector (Area 
Detector Systems Corp., Poway, CA, USA).  
 
Two data sets were collected at wavelengths corresponding to the peak and the inflection 
point of the Selenium K edge. Data were processed and scaled to a resolution of 2.6 Å 
using the program HKL2000 (Otwinowski and Minor, 1997). Six of the ten expected Se 
sites were located using the program SOLVE (Terwilliger and Berendzen, 1999). The 
missing Se sites turned out to be located in the disordered C-terminal domain. The phases 
were further improved using Sharp (v3.0.15) (Bricogne et al., 2003). Density 
modification was performed with the program Sharp (v3.0.15) improved the overall 
figure of merit to 0.68.  
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The initial model containing ~120 residues of each monomer was built automatically with 
the program ARP/wARP (Perrakis et al., 1999). This model was completed by manual 
fitting using the program O (Jones et al., 1991) and refined against the Se inflection point 
dataset using the program CNS (Brünger et al., 1998) interspersed with several rounds of 
manual refitting. All measured reflections were used in the refinement. The C-terminal 
domain was disordered in the crystal and the final model contains only residues from 
Asp66 to Ser240 for each monomer, corresponding to the catalytic domain. The N-
terminal His6-tag and the linker were also disordered. There are 125 solvent molecules 
included in the model, based on the difference (Fo-Fc) map. The final R-factor is 0.225 
(Rfree=0.287) at 2.6 Å resolution (Table 2.1). Statistics for the Ramachandran plot from an 
analysis using PROCHECK (Laskowski et al., 1993) showed no outliers in the 
Ramachandran plot and 84% of non-glycine residues are in the most-favored region. 
(Table 2.1). An example of the electron density from a simulated annealing omit map in 
the active-site region is presented in Figure 2.9. 
 
2.3 Results and Discussion 
 
2.3.1 Domain organization of RluF 
Bacterial pseudouridine synthases are generally multi-domain proteins. In addition to the 
catalytic domain, some possess an N-terminal, S4-like α3β4 domain that is similar to the 
S4 ribosomal protein (Sivaraman et al., 2002 and 2004; Matte et al., 2005; Aravind and 
Koonin, 1999) while others have a C-terminal PUA domain (Hoang et al., 2001; Aravind 
and Koonin, 1999). Sequence analysis of RluF suggests that it possesses three discrete 
domains; an S4-like α3β4 N-terminal domain (residues Met1-Glu60), the catalytic domain 




Figure 2.1 Cartoon representation showing the domain architecture of RluF 
Discrete N- and C-terminal domains are connected to the catalytic domain through 
extended linkers (Sunita et al., 2006). 
 
This C-terminal domain is not common to all members of RsuA family; sequence 
analysis indicates it is present in RluB but absent from RsuA and RluE (Figure 2.1, 
Figure 2.15 c). Based on the lack of any recognizable sequence similarity between the C-
terminal domain of RluF and the PUA domain present in TruB (Aravind and Koonin, 
1999) it is also likely that they are structurally different. The PUA domain of TruB 
consists of ~60 residues (Val254-Ala314) and plays a role in the recognition of the 
phosphate backbone of the TSL acceptor stem (Hoang et al., 2001). The C-terminal 
domain of RluF could also be involved in binding to RNA, thereby contributing to its 
substrate specificity. In this respect, we note that none of the proteins from the RluA 
family, including RluC, RluD and RluA, have additional C-terminal sequence extending 
beyond the catalytic domain.  
 
The predicted domain organization of RluF was confirmed by limited proteolysis with 
trypsin followed by mass spectrometry and N-terminal sequencing of the proteolytic 
fragments. Full-length RluF, when subjected to digestion with trypsin, gave two distinct 
bands by SDS-PAGE, the identities of which were determined by MALDI-TOF/TOF MS  
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through molecular mass determination and peptide mass fingerprinting. Band (A) showed 
a mass of 28776 Da and band (B) a mass of 20755 Da (Figure 2.2 top). Peptide-mass 
fingerprinting and N-terminal sequencing, along with the mass measurements together 
indicate that band (A) corresponds to an RluF fragment possessing the N-terminal and 
catalytic domains (residues Met1 to ~Ser240) but lacking the C-terminal domain, and that 
band B represents only the catalytic domain (residues Asp66-Ser240, which includes part 
of the linker between the N terminal and catalytic domains (Figure 2.2 bottom). 
 
                             
 






















        SEVKPKAKAKPKTAGIKRPVVKMEKTAEKGGRPASNGKRFTSPGRKKKGR 
 
(Figure 2.2; legend on next page) 
Control 
A (MW 28776) 




Figure 2.2 Limited proteolysis of full length RluF with Trypsin and MALDI-
TOF/TOF MS of the cleavage products 
Top: SDS-PAGE showing the products of cleavage A and B. The control is full length 
RluF. Bottom: Peptide mass fingerprinting of the two bands A and B (MALDI-TOF/TOF 
MS analysis). The peptide mass fragments identified by MS analysis for the two samples 
are shown in green. Sample A was identified to be RluF with a missing C terminal region 
and Sample B matches the catalytic domain of RluF. 
 
 
In order to more precisely identify the boundaries of the C-terminal domain, we cloned 
and purified ∆RluF (lacking the N-terminal α3β4 S4-like domain, residues Met1-Glu65) 
and subjected this fragment to limited proteolysis with trypsin, which gave rise to a 
distinct band (Mr~21 kDa) which was N-terminally sequenced (Figure 2.3, left, band C). 
The sequence of this fragment (GSSHHHH) corresponded to the N-terminus of the 
∆RluF construct, indicating that the cleavage occurred at the C-terminal end of the 
polypeptide. However, due to the abundance of tryptic cleavage sites in the C-terminal 
region and relatively long incubation times used, a band corresponding to this domain 
could not be readily observed on an SDS-PAGE gel. The above experiment was therefore 
repeated with full-length RluF, but with a shorter incubation time with trypsin. A band 
with molecular mass of ~4.1 kDa was observed on the gel, and its N-terminal sequence 
determined to be Thr253–Arg258, corresponding to the start of the C-terminal domain 
that contains residues Thr353-Arg290 (Figure 2.3, right, band D). This domain is 






                                                            
 
Figure 2.3 Confirmation of the presence of a linker region between the Catalytic and 
C terminal domains 
∆RluF (with the missing S4 like N-terminal domain) was subjected to limited proteolysis 
with trypsin (left). N-terminal sequencing results indicated that the cleavage product C 
has the same N-terminal region as ∆RluF, has a molecular mass of 21,651.78 Da and 
corresponds to the catalytic domain. The above experiment was then repeated with full 
length RluF and a shorter incubation time with trypsin, in an attempt to capture the intact 
C terminal domain on the SDS-PAGE (right). N terminal sequencing on sample D 
indicated a sequence starting with Thr253, confirming the existence of a distinct C 
terminal domain.  
 
From these studies, we conclude that RluF possesses a discrete domain organization with 
domain boundaries Met1 to Glu60 (N-terminal domain), Leu69 to Ser240 (catalytic 
domain) and Thr253-Arg290 (C-terminal domain), with the domains connected via 
linkers that are readily accessible to proteases. The presence of an N-terminal S4-like 
α3β4 domain in RsuA, RluD and now RluF is further supported by sequence alignments 
and structural studies of RluD (Sivaraman et al., 2004) and RsuA (Sivaraman et al., 2002; 
Matte et al., 2005). 
 
2.3.2 Crystallization of the RluF Catalytic Domain 
While our objective was to crystallize full-length RluF, crystals of the full-length enzyme 
could not be obtained following stringent purification and many crystallization trials. This 
inability to crystallize full-length RluF could be attributed to a loose association of the 
domains. Indeed, sequence alignment of RluF and RsuA shows that the inter-domain 





residues longer in RluF than in RsuA. The mobility of the catalytic domain relative to the 
S4-like domain has been documented in RsuA (Sivaraman et al., 2002; Matte et al., 
2005), and has proven to be detrimental to crystallization in RluD (Sivaraman et al., 
2004) and RluC (Corollo et al., 1999) or results in a domain that is disordered in the 
crystal (Mizutani et al., 2004; Del Campo et al., 2004). Upon purification, a faint band 
with a molecular weight of ~25 kDa, less than the full length enzyme (32.4 kDa), was 
observed by SDS-PAGE (data not shown). This lower band became more intense as the 
protein sample was stored at 4 ºC, even in the presence of a cocktail of protease 
inhibitors.  
 
In order to overcome these problems, a new construct was made (ΔRluF) in which the 
first 65 amino acids, corresponding to the S4-like α3β4 domain of RluF were deleted. The 
incorporation of SeMet was verified by using MALDI-TOF MS (Figure 2.4). Crystals 
were obtained of ΔRluF, containing the catalytic and C-terminal domains, expressed as a 
fusion protein with a non-cleavable N-terminal His6-tag (Figure 2.5). A sample 




Figure 2.4 MALDI-TOF MS results for native and SeMet ΔRluF 











Figure 2.5 Crystals of ΔRluF. 
a) Native crystals 
b) SeMet microcrystals 
c) SeMet diffraction quality crystals 





Figure 2.6 Sample diffraction pattern collected from ADSC Q315 
diffractometer system at X25 beamline (NSLS, BNL) for SeMet ΔRluF crystal. 
 
2.3.3 Quality  and overall structure 
The crystal structure of SeMet-labeled ΔRluF was solved by the multi-wavelength 
anomalous dispersion (MAD) method (Hendrickson et al., 1990). ΔRluF crystallized with 
two molecules in the asymmetric unit, and the structure was refined to a final R-factor of 
0.225 (Rfree=0.287) at 2.6 Å resolution with good stereochemical parameters (Table 2.1). 
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Data set Peak Inflection 









Data collection   
Resolution range (Å) 50-2.6 50-2.6 
Wavelength (Å) 0.9792 0.9794 
Observed reflections >1σ    273254 264903 
Unique reflections 27555 27726 
Completeness (%) 99.8 99.5 
Overall (I/σI) 14.1 16.2 
Rsyma (%) 10.4 11.5 
Refinement and quality   
 Resolution range (Å)                                45.0 – 2.6 
 Rworkb (no. of reflections)     0.225 (25538) 
 Rfreec (no. of reflections)     0.287 (2140) 
 RMSD bond lengths (Å)  0.009 
 RMSD bond angles(deg)  1.6 
Average B-factorsd (Å2) 
Main chain 
Side chains                
B-rmsd  main chain(Å2) 













Ramachandran plot   









 Disallowed regions (%)  0 
 a Rsym = ∑|Ii -<I>|/∑|Ii| where Ii is the intensity of the ith measurement, and <I> is  the mean intensity for 
that reflection. 
b Rwork = ∑| Fobs - Fcalc|/∑|Fobs| where Fcalc and Fobs are the calculated and observed structure factor 
amplitudes, respectively. 
c Rfree = as for Rwork, but for 8% of the total reflections chosen at random and  omitted from refinement. 
d     Individual B-factor refinement was carried out. 
 








Each monomer of ΔRluF has an α/ß architecture with a central, extended β-sheet core. 
The molecule contains thirteen β-strands, seven of which form a central, twisted β-sheet. 
The order of anti-parallel ß-strands within the β-sheet is β13↓β1↑β5↓β11↓β6↑β10↓β9↑ 
(Figure 2.7, 2.8). This extended β-sheet is twisted along its longitudinal axis 
(perpendicular to the strands), and is flanked on all sides by a total of five α-helices. The 
substrate-binding site is located in a cleft near the center of the β-sheet and has to 
accommodate the RNA substrate. The catalytic residue, Asp107 (Del Campo et al., 2001) 
common to all bacterial pseudouridine synthases, is located in a loop between strands β4 
and β5 at the edge of the RNA-binding cleft. Except for some local differences outside 
the substrate-binding cleft, the overall fold of ΔRluF is similar to that found in other 
bacterial pseudouridine synthases (Sivaraman et al., 2004, 2002; Bateman et al., 2002 a). 
  
Figure 2.7 Ribbon diagram of ΔRluF monomer  
The N and C termini as well as α-helices and β-strands are labeled. Figures were prepared 
using the programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt et al., 1997). 
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Figure 2.8 Topology diagram for ΔRluF 
The triangles indicate β strands whereas the circles indicate α helices. Blue color is used 
to denote the conserved core of the Ψ-synthases. This figure was prepared using the 
TOPS server (http://www.tops.leeds.ac.uk). 
 
 
Figure 2.9 Simulated-annealing Fo-Fc omit map in the active-site region of ΔRluF in 
stereo 
All atoms within 3.5 Å of Asp107 were omitted prior to refinement. The map is 




No electron density was observed for the last 50 residues of the protein corresponding to 
the C-terminal domain. To check if this region was indeed still present in the crystallized 
protein, we analyzed the protein from dissolved ΔRluF crystals by MALDI-TOF MS. The 
observed molecular mass of 26,631 Da compared favorably with the expected molecular 
mass of 26,558 Da, indicating that the SeMet labeled protein contained both the N-




Figure 2.10 MALDI-TOF MS analysis on a crystal of ∆RluF confirming the 
presence of the C-terminal domain 
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The lack of electron density for the C-terminal domain indicates that it is either 
unstructured or is highly mobile within the crystal lattice. Indeed, the C-terminal domain 
has a basic character, with a calculated pI of 11.9 resulting from eight Lys and five Arg 
residues within its sequence. Analysis of the C-terminal domain sequence using either 
DisEMBL (Linding et al., 2003 a) or GlobPlot (Linding et al., 2003 b) shows a high 
probability that a significant portion of the domain is unfolded. We rationalize that this 
domain becomes folded upon association of RluF with its cognate RNA, a property of 
many ribosomal RNA-binding proteins (Klein et al., 2004). Examination of the crystal 
packing of RluF molecules shows that sufficient space exists in the crystal lattice to 
accommodate the C-terminal domain.  
 
2.3.4 Oligomerization of RluF and ΔRluF 
The oligomerization state of RluF and the ΔRluF fragment missing the S4-like α3β4 
domain was investigated by dynamic light scattering and gel filtration chromatography. 
(Figures 2.11 (bottom) and 2.12). The quality of the purified protein was also verified 
using SDS-PAGE (Figure 2.11 (top)). 
 
DLS analysis of purified, full-length RluF showed a molecular weight that corresponded 
to that of a dimer similarly, DLS measurements showed that ΔRluF also exists as an 
apparent dimer  in solution. In a gel filtration experiment of ΔRluF at a concentration of 4 
mg/ml, a 7.5-fold lower protein concentration than that used for crystallization, the 
enzyme eluted as a single peak with an apparent molecular mass of 50 kDa (26.6 kDa per 







Figure 2.11 Top a) SDS-GEL image of purified ΔRluF Bottom b) DLS results  
The Polydispersity index, MW and SOS error are in red, green and blue boxes 
respectively. 
Molecular 
mass in kDa 
                 97.4 
      66.2 
      45.0 
 
 
       31.0 
 
       21.5  
 
                  14.4 








Figure 2.12 Gel filtration profile of ΔRluF 
The X-axis indicates the elution volume in mL and the Y-axis indicates the UV 
absorbance at 280 nm measured in mAU (arbitrary units). The elution profile is for 





Both dynamic light scattering and gel filtration experiments depend on the 
transport/hydrodynamic radius of the molecules in solution. If the C- terminal domain is 
indeed disordered/unfolded, the possibility of its contribution to an increased 
hydrodynamic radius of the molecule cannot be ignored. To investigate this possibility, 
we carried out analytical ultracentrifugation (AUC) sedimentation analysis. The AUC 
experiments revealed the existence of RluF as a monomer in  solution with a 
sedimentation co-efficient S = 1.52 ± 0.07 x 10-13 which corresponds to a  molecular 







Figure 2.13 Sedimentation velocity data for ΔRluF 
The data were analyzed by the software ULTRASCAN7.3. Initial sedimentation profile 
was analyzed by the van Holde-Weischet method to identify the homogeneity of the 
solution. 
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We suggest that the observed molecular weight in the dynamic light scattering and gel 
filtration experiments may be due to the disordered/unfolded C-terminal domain of RluF. 
The observed dimeric arrangement in the crystal, i.e. two molecules in the asymmetric 
unit of the crystal could be a crystallization artifact. With the exception of TruA, the 
structurally-characterized bacterial pseudouridine synthases have been shown to exist as 
monomers. The two monomers within the asymmetric unit are related by a 2-fold non-




Figure 2.14 Ribbon diagram of the ΔRluF crystallographic dimer (two monomers of 
one asymmetric unit)  
The catalytic Asp107 is shown in stick representation. Figures were prepared using the 
programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt et al., 1997). 
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The structures of the two independent monomers in the asymmetric unit are similar, with 
a root-mean-squares (rms) deviation of 0.69 Å for all Cα atoms, when refined without 
non-crystallographic symmetry restraints.  
 
Comparison of the sequences of the C-terminal domains of RluF and TruB shows that 
they differ in length and sequence, suggesting they may represent two unique types of 
domains in Ψ-synthases, each with its own specificity for substrate recognition. As both 
domains are attached to the catalytic domain through extended linkers, they are evidently 
mobile with respect to the catalytic domain. In the proposed model of full-length RluF, 
the N and C-terminal domains are located at opposite ends of the catalytic domain. While 
these domains are not directly adjacent to the RNA substrate-binding cleft, they may not 
directly participate in binding RNA structure near the catalytic site, but instead, may 
contribute to the recognition of RNA structure distant from the active site which would 
be important for the exquisite specificity exhibited by this enzyme.  
 
2.3.5 Sequence and Structural Similarity 
Pairwise sequence alignments show that RluF has 31% sequence identity with RluB, 22% 
with RsuA and 21% with RluE. The most important region is the highly-conserved active 
site motif (X)RLD (motif II, Koonin, 1996, Gustafsson et al., 1996) containing the 









           Figure 2.15  Sequence alignment of RsuA family members 
a) Sequence alignment of the S4 like N-terminal domain of the members of RsuA family 
done using ClustalW (Chenna et al., 2003, Huang and Miller, 1991). b) Alignment of the 
catalytic domains. Structure based sequence alignment was performed for the sequences 
titled in red using the program O (Jones et al., 1991). For RluB and RluE, only sequence 
based alignment was carried out. The three sequence and structurally-conserved motifs 
(motifs 1, 2 and 3, Koonin, 1996) are indicated by blue dotted lines. The active site 
Aspartate (D107 for RluF) is shown by a blue asterisk. The residues involved in binding to 
the substrate are denoted by red asterisks. These residues were identified by the structural 
superposition of ΔRluF with TSL-bound TruB. c) Sequence alignment of the C-terminal 
domains of RluF, RluB and TruB done using ClustalW. These figures were created by 




Comparison of the structure of ΔRluF with those of other pseudouridine synthases was 
performed using the program sPDBviewer (Guex and Peitsch, 1997). Pairwise super-
positions showed that the catalytic domain of RluF is structurally similar to the 
corresponding domain found in RsuA (PDB 1KSK, 1.4 Å, 140 Cα pairs), TruB (PDB 
1K8W, 1.6 Å for 101 Cα pairs), RluD (PDB 1PRZ, 1.7 Å for 93 Cα pairs), RluC (PDB 
1V9K, 1.0 Å for 49 Cα pairs) and TruA (PDB 1DJO, 1.6 Å for 80 Cα pairs). In all cases, 
the central β-sheet is the most structurally conserved feature, while with RsuA, some α-
helical regions also share structural similarity. Among these proteins, the most 
structurally similar were found to be RsuA and TruB (Figure 2.16).  
 
 
Figure 2.16 Stereo Cα superposition of ΔRluF (red), RsuA (PDB 1KSK, blue) and 
TruB (PDB 1K8W, green) 
The superposition was generated using the program O (Jones et al., 1991) using the 
catalytic Asp residues as the starting point. The side chain of the active site Asp of ΔRluF 
and bound UMP of RsuA are shown. The RMSD between ΔRluF and 
the superposed models are 1.6 Å for 155 Cα atoms for RsuA and 1.9 Å for 112 Cα atoms 





Figure 2.17 Ribbon diagram of superposed RsuA (green), RluD (magenta) and RluF 






The structure-based sequence alignment of RluF with RsuA and TruB is summarized in 
Figure 2.15 (b). Sixteen invariant side chains are observed in the structure-based 
alignment of the three structures, including a number of residues in the active site region 
(Leu72, Lys74, Pro75, Gly77, Gly104, Leu106, Asp107, Gly113, Lys135, Tyr137, 
Val139, Gly184, Gly197, Val200, Leu203 and Arg205). His43 of TruB, a highly 
sequence-conserved but non-essential residue in catalysis (Hamilton et al., 2005) is not 
structurally conserved in RluF (Figure 2.16). 
 
2.3.6 RNA Binding and Recognition 
A cleft 9 Å wide, 22 Å long and 14 Å deep suitable for binding the rRNA substrate is 
located in the middle of the catalytic domain. The shape and surface electrostatic 
potential of the molecular surface calculated using GRASP (Nichols et al., 1991) 
revealed a depression in the center of the cleft with a positively-charged region inside the 
depression that could provide a suitable site for rRNA binding, similar to that observed in 
RluD (Sivaraman et al., 2004) (Figure 2.18). 
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Figure 2.18 Molecular surface of the ΔRluF (monomer) depicting the positively 
charged, putative RNA-binding cleft (blue)  
This figure was prepared using the program GRASP (Nichols et al., 1991). The active 





Superposition of ΔRluF with the TruB-TSL co-crystal structure (Hoang et al., 2001) 
shows that the T-stem loop readily fits within the substrate-binding cleft of RluF without 
steric clashes. A total of 41 possible hydrogen bonding contacts (<3.2 Å) are formed 
between the superimposed TSL and ΔRluF, 13 of which are with the target fluorouridine. 
Though the substrate is different for RluF, similar interactions can be expected. The walls 
of the putative RNA-binding cleft contain several positively-charged residues, including 
Lys125, Lys135, Arg187, and Arg190. The conserved catalytic Asp107 is located at the 
entrance of the cleft with its side chain directed towards the solvent. A model of  ΔRluF 
bound to TSL is shown in Figure 2.19. The residues likely to be involved in substrate 
binding are indicated in Figure 2.15 as red asterisks. 
 
In E. coli 23S rRNA (PDB 1PNU), U2604 is located at the bottom of a cleft towards one 
side, with the base buried within the cleft. It would be necessary to 'flip out' this base in 
order to bring about the modification, probably in a way similar to U55 in the TruB-TSL 
complex (Hoang et al., 2001; Pan et al., 2003). 
 
 
2.3.7 Coordinate deposition 
Coordinates and structure factors have been deposited with the RCSB Protein Data Bank 






Figure 2.19  a)  Stereo view of the crystallographic dimer of RluF-bound TSL model 
Green and brown colors indicate the RluF monomers and the modeled TSL is shown in 











Functional Specialization of Domains 





 3.1 Introduction 
 
RNA plays a central role in the flow of biological information. Recently, numerous RNA 
MTases  have been discovered and their function studied (Bujnicki et al., 2004).  As a 
continuation of our efforts to understand the structure and function of rRNA modifying 
enzymes, we have undertaken structure determination and functional analysis of E. coli 
RsmC (Ribosomal Small Subunit Methyltransferase C) that specifically methylates the 
N2 atom of G1207 in 16S rRNA. The modified residue m2G1207 occurs in a region of 
the rRNA that is involved in the recognition of peptide chain termination codons. In vivo, 
transversion mutants of G1207, namely C1207 and U1207 were shown to have dominant 
lethal phenotypes (Jemiolo et al., 1991). 
 
In this chapter we report the crystal structure of RsmC from E. coli refined at 2.1 Å 
resolution. RsmC is the first structurally characterized MTase, which exhibits the pattern 
reported earlier for many enzymes, including those involved in RNA modification: 
presence of duplicated, mutually homologous domains, which preserved the ancestral 
three-dimensional fold, but accumulated divergent mutations in different regions, leading 
to the complementary loss of conserved motifs and selective retention of different aspects 
of function present in the ancestral non-duplicated enzyme. Thus, we combined 
computational and experimental analyses to identify the key amino acids involved in 
different functions and to assign the roles to the two domains of RsmC. 
 
 68 
3.2 Materials and Methods  
 
3.2.1 Recombinant DNA techniques 
The rsmC gene, cloned into pCA24N vector with a non-cleavable N terminal His6 tag and 
the corresponding strain with the knocked-out rsmC gene, were obtained as a gift from 
the ASKA recloned library (NBRP E. coli. NIG, Japan) (Kitagawa et al., 2006, Baba et 
al., 2006). Site-directed mutagenesis of the rsmC gene was performed by a PCR-based 
technique according to the QuikChange site-directed mutagenesis strategy (Stratagene) 
following the manufacturer’s instructions. NTD- and CTD-RsmC variants were 
constructed by recloning single domains into the pET28 vector by removing single 
domains in the PCR reaction. The mutant genes were sequenced and found to contain 
only the desired mutations. 
 
3.2.2 Expression and Purification 
For the native protein, plasmid DNA carrying rsmC gene was transformed into E. coli 
BL21 (DE3) and grown in 1 liter of LB media at 37 oC till the OD600 reached 0.5-0.6. 
Induction of protein expression was then carried out with 100 µM IPTG after cooling it 
down to room temperature. The cells were grown overnight at 25 ºC in a shaking flask at 
180 rpm. The next day, cells were harvested by centrifugation (9000×g for 30 min, 4 oC) 
and pelleted. The cell pellet was first washed with pre-binding buffer (10 mM Na-Hepes 
pH 7.9, 0.17 M NaCl), and resuspended in 20 ml of binding buffer (20 mM Na-Hepes pH 
7.9, 0.5 M NaCl), 5 mM imidazole pH 7.0, 5 % (v/v) glycerol, 10 mM BME, 0.5% (v/v) 
Triton-X-100 and 1 tablet of CompleteTM EDTA free protease inhibitor cocktail (Roche 
diagnostics). The buffer conditions were slight modifications to the ones mentioned  in an 
earlier work describing the purification, cloning and characterization of RsmC (Tscherne 
et al., 1999). For the selenomethionine (SeMet) substituted RsmC, the cells were grown 
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in Le-Master medium (Le Master and Richards, 1985), using the DL41 strain of E. coli 
(methionine auxotroph). 
 
The purification of RsmC was carried out at room temperature. Both native and SeMet 
RsmC were purified using the same two-step protocol: DEAE sepharose (Amersham 
Biosciences) column followed by Ni-NTA beads (Qiagen) purification. After binding the 
protein to the Ni-NTA resin for 30-40 mins, the beads were washed with binding buffer 
(without Triton-X100). The protein was then eluted with 20 mM Na-Hepes pH 7.9, 0.5 M 
NaCl, 5 mM BME, 0.5 M imidazole, 5% (v/v) glycerol. Further, RsmC was passed 
through a Superdex-200 gel filtration column using an AKTA-FPLC UPC-900 system 
(Amersham Biosciences). The gel filtration buffer was the same as the final protein 
storage buffer: 20 mM HEPES pH 7.9, 0.5 M NaCl, 5 mM BME, 10 mM MgCl2, and 5% 
(v/v) glycerol. The protein eluted as a monomer (~40 kDa). The peak fractions were 
pooled together and concentrated to 4.5 mg/ml by ultra filtration, using a Centriprep 
centrifugal filter device from Millipore, with a molecular weight cut-off of 10 kDa. 
 
 
3.2.3 Purification and Refolding of C-RsmC from Inclusion Bodies 
Inclusion bodies were collected from the cell extract by centrifugation at 20000 rpm and 
resuspended in buffer B (10 mM Tris, 50 mM NaCl, 10 mM imidazole) supplemented 
with 6 M urea. The dissolved pellet was then centrifuged, followed by addition of buffer 
B and Ni-NTA resin was equilibrated with buffer B. After a 1 hour incubation, Ni-NTA 
resin with the bound protein was washed three times with buffer B. The deletion mutant 
protein RsmC-CTD was eluted with elution buffer (10 mM Tris, 50 mM NaCl, 10 mM 
imidazole) supplemented with 6 M urea. Refolding of the purified RsmC-CTD was 
achieved by sequential dialysis with reducing urea concentrations from 6 M to 4 M, 2 M, 
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1 M, 0 M against refolding buffer (100 mM Tris pH 8.8, 400 mM L-arginine, 10% 
glycerol, 0.5% Triton X-100, 1 mM EDTA, 1 mM DTT). The dialysis buffer was 
changed every 24 hours. The composition of the dialysis buffer (suitable for the 
subsequent ITC analyses) was 20 mM Na-Hepes pH 7.0, 300 mM  NaCl, 5% (v/v) 
glycerol, 10 mM MgCl2, 10 mM BME. 
 
3.2.4 In vitro Methylation Assay  
30S ribosomal subunits were isolated as described previously (Daigle and Brown, 2004). 
Quantitation of subunits was determined by absorbance at 260 nm (1 A260 unit is 
equivalent to 34.5 pmol of 30S ribosomes). In vitro methylation reactions were carried 
out using 2 µg pure RsmC protein or its variants, 6 µM [methyl-14C]-SAM (52.8 
mCi/mmol, NEN), and 3 µM 30S RNA ribosome subunit isolated from the 
rsmC_knockout (K.O.) strain in the total volume 60 µl of the buffer (50 mM PIPES 
[piperazine-N,N’-bis(2-ethanesulfonic acid)]-Na (pH 7.0), 4 mM MgCl2). After 60 min 
incubation at 37 °C, methylation reaction was quenched by heating the reaction mixture 
to 70 ºC for 10 min. The RNA was precipitated with 10% TCA onto Whatman GF/C 
filter disks. The disks were washed twice with 5% TCA, once with 5 ml ethanol and air-
dried. The filter-bound radioactivity was determined by liquid scintillation counting.  
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3.2.5 MALDI-TOF Analysis 
The native and SeMet substituted RsmC was further analyzed for the incorporation of 
selenium on a Voyager-STR MALDI-TOF mass spectrometer (Applied Biosystems) by 
comparing the experimentally measured molecular weight of the native protein with that 
of the SeMet protein [Samples for mass spectrometry were prepared and analyzed by 
PPC, DBS, NUS]. 
 
3.2.6 Dynamic Light Scattering (DLS) 
Dynamic light scattering measurements were performed at room temperature on a 
DynaPro (Protein Solutions) DLS instrument. The homogeneity of the protein samples 
was monitored during the various stages of concentration in order to avoid aggregation. 
The percentage of polydispersity was below 16% and the SOS error was less than 10 for 
all protein samples at various concentrations. 
 
3.2.7 Isothermal Titration Calorimetry (ITC) 
 S-adenosyl-L-methionine (SAM) was obtained from MP biomedicals. For the titration 
experiments, the protein (both native and variants), was extensively dialysed against a 
500-fold excess volume of the buffer containing 20 mM Na-Hepes pH 7.0, 5% (v/v) 
glycerol, 10 mM MgCl2, 0.3 M NaCl, 10 mM BME, for ~14 hours. SAM solutions were 
prepared by weight, in the same dialysis buffer. The ITC experiments were carried out 
using VP-ITC calorimeter (Microcal, LLC) at 20 °C using 0.02-0.06 mM of the protein in 
the sample cell and 1-2 mM of SAM in the injector. All samples were thoroughly 
degassed and then centrifuged to get rid of precipitates. Volumes of 4-5 µl per injection 
were used for the different experiments. For every experiment, the heat of dilution for 
each ligand was measured and subtracted from the calorimetric titration experimental 
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runs for the protein. Consecutive injections were separated by at least 4 minutes to allow 
the peak to return to the baseline. The ITC data was analyzed using a single site fitting 
model using Origin 7.0 (OriginLab Corp.) software. 
 
3.2.8 Crystallization and Data Collection 
RsmC was crystallized using the hanging drop vapor diffusion method. Initial crystals 
were obtained from a Jena Biosciences (Jena, Germany) screen and further optimized. 
The best crystals were obtained when a volume of 1 µl of reservoir solution containing 
25% (w/v) PEG MME (monomethyl ether) 5000, 0.1 M Tris-HCl pH 8.5, 0.2 M 
ammonium sulfate was mixed with 1 µl of protein (Hanging drop). Diffraction quality 
crystals were formed in 3 days, with the smallest dimension measuring ~0.14 mm. RsmC 
crystals belonged to the space group C2 with one molecule in the asymmetric unit. The 
cell parameters were a=123.94, b=51. 50, c=73.33, ß=121.52. The Matthew’s co-efficient 
was 2.49 Å3/Da and the solvent content, 50.7% (Matthews, 1968). The crystals were 
directly taken from the drop, and flash cooled in a N2 cold stream at 100 K. The native 
crystals diffracted up to 2.5 Å resolution using an R-axis 1V++ image plate detector 
mounted on a RU-H3RHB rotating anode generator (Rigaku Corp., Tokyo, Japan).  
 
Synchrotron data were collected at beam lines X12C and X29, NSLS, Brookhaven 
National Laboratory for the SeMet protein. A Complete SAD dataset was collected 
(Table 1) using Quantum 4-CCD detector (Area Detector Systems Corp., Poway, CA, 
USA) to 2.1 Å resolution. Data was processed and scaled using the program HKL2000 
(Otwinowski and Minor, 1997).  
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3.2.9 Structure Solution and Refinement 
Of the expected seven selenium sites in the asymmetric unit, five were located by the 
program SOLVE (Terwilliger and Berendzen, 1999). The N-terminal, as well as the C-
terminal methionine, was disordered. The initial phases were further improved by density 
modification using Sharp (v. 3.0.15) (Bricogne et al., 2003) that improved the overall 
figure of merit (FOM) to 0.73. The ARP/wARP (Perrakis et al., 1999) program built 
approximately 65% of the molecule. The remaining parts of the model were built 
manually using the program O (Jones et al., 1991). Further cycles of model building 
alternating with refinement using the program CNS (Brünger et al., 1998) resulted in the 
final model, with an R-factor of 0.21 (Rfree=0.26) to 2.1 Å resolution with no sigma cutoff 
used during refinement. 
 
The final model comprises 334 residues (Ala3-Met336) and 231 water molecules. The N-
terminal His6 tag and the linker residues were not visible in the electron density map. 
PROCHECK (Laskowski et al., 1993) analysis shows no residues in the disallowed 
regions of the Ramachandran plot. A simulated annealing Fo-Fc omit map of the putative 
SAM binding site of RsmC is shown (Figure 3.7). 
 
3.2.10 Bioinformatics Analyses 
Sequence searches were carried out with PSI-BLAST (Altschul et al., 1997), and 
multiple sequence alignment was constructed with MUSCLE (Edgar, 2004). Sequence 
conservation was calculated from the sequence alignment and mapped onto the protein 
structure using ConSurf (Glaser et al., 2003). Structure manipulation and modeling was 
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carried out with SwissPDBViewer and PyMol. Structure database searches and 
superpositions were done with DALI (Holm and Sander, 1993).  
 
 
3.3 Results and Discussion 
 
3.3.1 Characterization of RsmC 
The purified SeMet protein was of good quality as indicated by the gel filtration, SDS-
PAGE and Dynamic Light Scattering experiments (Figures 3.1 and 3.2 ). MALDI-TOF 
MS experiments indicated that SeMet was successfully incorporated. (Figure 3.3 a and 
b). Diffraction quality crystals of SeMet RsmC obtained (refer to Materials and Methods 
section) are shown in Figure 3.4. 
 
Figure 3.1 Gel filtration profile of RsmC 
 The protein eluted out as a single peak from the superdex 200 gel filtration column. The 








Figure 3.2 Top a) SDS-PAGE of purified RsmC 
Bottom b) Dynamic Light Scattering results for RsmC The Polydispersity index, 
molecular weight and SOS error are indicated by red, green and blue boxes respectively. 
Molecular 




































Figure 3.5 Sample diffraction pattern of the SeMet RsmC crystal 
The crystal diffracted up to 2.2 Å resolution using an R-axis 1V++ image plate detector 




3.3.2 Overall Structure 
The structure of RsmC from E. coli was solved by the single-wavelength anomalous 
dispersion (SAD) (Hendrickson and Teeter, 1981) method from synchrotron data using 
SeMet-labeled protein and was refined to a final R-factor of 0.21 (Rfree=0.26 %) at 
2.1 Å resolution. The asymmetric unit contains one RsmC molecule comprising 334 
residues from Ala3 to Met336 and a total of 232 water molecules. Neither the N-terminal 
His-tag nor the C-terminal residues Thr337-Gly343 had interpretable density and were 
not modeled. The RsmC molecules eluted as a monomer from the gel filtration column 
(Figure 3.1). This was consistent with observations in the dynamic light scattering 
experiments (Figure 3.2) as well as the analysis of intermolecular contacts in the crystal. 
Analysis of the Ramachandran plot using the program PROCHECK (Laskowski et al., 
1993) showed 88.6% of all residues within the most favored regions and no residues in 




Data set Peak High Resolution 









Data collection   
Resolution range (Å) 20-2.4 50-2.04 
Wavelength (Å) 0.9792 0.9792 
Observed reflections > 1σ 110250 170781 
Unique reflections 15187 46172 
Completeness (%) 96.9 93.5 
Overall (I/σI) 12.9 15.2 
Rsyma (%) 7.9 7.4 
Refinement and quality   
 Resolution range (Å)                                15 – 2.1 
 Rworkb (no. of reflections)     0.204 (37909) 
 Rfreec (no. of reflections)     0.256 (3223) 
 RMSD bond lengths (Å)  0.01 
 RMSD bond angles(º)  1.78 
 Average B-factors d (Å2) 
                     Main chain 
                     Side chains                
B-rmsd  main chain (Å2) 








Ramachandran plot   
Most favored regions (%)  88.6 








 Disallowed regions (%)  0 
              a Rsym = ∑|Ii -<I>|/∑|Ii| where Ii is the intensity of the ith measurement, and <I> is 
the mean intensity for that reflection. 
               b Rwork = ∑| Fobs - Fcalc|/|∑Fobs| where Fcalc and Fobs are the calculated and 
observed structure factor amplitudes, respectively. 
              c Rfree = as for Rwork, but for 8% of the total reflections chosen at random and 
omitted from refinement. 
   d  Individual B-factor refinements were calculated 
 
 
Table 3.1 Crystallographic data and Refinement Statistics. 
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The structure of the full-length RsmC with overall dimensions of approximately 
35x40x60 Å3 reveals the presence of two homologous domains of a mixed α/ß fold, 















Figure 3.6 Ribbon diagram showing the domain duplication in the RsmC structure 
(Sunita et al., 2007). The N-terminal domain (putative RNA binding domain: residues 3-
150) is depicted in red and the C-terminal domain (SAM binding domain: residues 179-
336) in blue. The N and C termini are labeled. This figure was prepared using the 







Figure 3.7 Simulated annealing Fo-Fc omit map in the putative SAM binding site of 
RsmC 
The key residue Asp202 and all atoms within 3.5 Å of Asp202 were omitted prior to 
refinement and map calculation. The map is contoured at a level of 3.0σ. This figure was 





Figure 3.8 Superposition of the N-terminal and C-terminal domains (blue and red 
respectively) in stereo 
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 The existence of intramolecular homology in RsmC has been earlier predicted by 
bioinformatics analysis (Bujnicki and Rychlewski, 2002). The N-terminal domain (NTD) 
consists of 7 ß-strands and 5 α-helices and the C terminal domain (CTD) has 9 ß-strands 
and 6 α-helices. The NPPF (N269-F271) tetrapeptide motif, which is conserved in m2G 
MTases (Bujnicki, 2000) is located in a loop between ß4 and α5 of the CTD (Figure 3.9). 
This motif is absent from the NTD.  
 
The DALI search (Holm and Sander, 1993) shows that there is no structure in the PDB 
with global similarity to the entire RsmC. However, the isolated NTD and CTD show 
expected similarity to SAM dependant MTases from the RFM superfamily (Kozbial and 
Mushegian, 2005) as well as to each other. In particular, the NTD shows higher similarity 
to the CTD than to any other structure: RMSD 2.4 Å for 135 Cα atoms, DALI Z-score of 
13.1. As predicted by bioinformatics analyses (Bujnciki and Rychlewski, 2002), among 
other proteins of known structure, MJ0882, a putative MTase from M. jannaschii (PDB 
code 1dus) is the closest homolog of both NTD and CTD: it superimposes onto the NTD 
with 2.5 Å RMSD over 138 Cα atoms, DALI Z-score of 13.1, and onto the CTD with 
RMSD 2.0 Å over 173 Cα atoms, DALI Z-score of 23.3. Other MTases from the large 
RFM (Rossmann fold methyltransferase) superfamily show significant, but lower 
structural similarity (data not shown).  
 
Although the structures of the NTD and CTD of RsmC are highly similar to each other, 
the structure-based sequence alignment of the two domains indicates that there is only 




Figure 3.9 Structure-based sequence alignment of two domains of RsmC, RlmG, together with their closest homolog MJ0882 (1dus)  
The superposition of RsmC-NTD, RsmC-CTD, and MJ0882 was performed with O (Jones et al., 1991). For RsmC and RlmG families three 
representative members are shown: E. coli (Ec), P. aeruginosa (Pa), and V. cholerae (Vc). For MJ0882, homologs are from B. subtilis (Bs) and 
T. maritima (Tm). Residues that are conserved within families are highlighted. For EcRsmC, the sequence ruler and the secondary structural 
elements are shown in the upper panel. Common motifs (conservation at the 3D level) are indicated below the alignment and conserved regions 
of functional importance (RNA-binding in the NTD and SAM binding and catalysis in the CTD) are boxed.  
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Clearly noticeable is the preservation of a non-polar character of the residues forming the 
ß-sheet core of both domains and the lack of conservation of residues at the surface. 
These features suggest that both domains of RsmC originated by intragenic tandem 
duplication from a primitive single-domain ancestor similar to MJ0882, and that they 
accumulated divergent mutations that made them dissimilar at the surface, while 
preserving the structural scaffold. It is important to note that the NTD appears to have 
accumulated more sequence and structural changes than the CTD with respect to 
MJ0882: while the CTD exhibits 22.7% amino acid sequence identity to MJ0882, the 
NTD shows 11.4% identity both to the CTD and to MJ0882 (see also the above 
mentioned DALI Z-scores, 23.3 vs. 13.1).  
 
3.3.3 Bioinformatics Analyses  
Although the sequence analysis of RsmC had been reported (Bujnicki and Rychlewski, 
2002), thus far no high-resolution structure was available to provide a three-dimensional 
framework for sequence-function considerations. Both domains of RsmC are members of 
the RFM superfamily of MTases, characterized by the presence of a series of motifs 
conserved at the structural level, and typically also at the sequence level (Kozbial and 
Mushegian, 2005). Motifs I, II, and III form a SAM binding pocket, while motifs X and 
IV usually form the ‘floor’ and the ‘roof’ of the catalytic site and may be important for 
the methyl-group donor SAM and for substrate binding, positioning them in optimal 
orientation for the methyl-group transfer to occur. Motif VI often participates in the 
formation of the active site from the substrate side, motifs V and VII are typically 
important for the structural stability, and motif VIII can participate in substrate binding. 
On the sequence level, motif I is strongly conserved among nearly all members of the 
RFM superfamily and typically assumes the pattern similar to (D/E)XGXGXG. Motif IV 
typically contains the key substrate-binding and/or catalytic residues and assumes very 
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different sequence patterns in MTase families acting on different molecules. In MTases 
acting on exocyclic amino groups of nucleic acid bases (those yielding m6A, m4C and 
m2G modifications), the typical pattern of conservation is (N/D/S)PP(Y/F/W/H) 
(Bujnicki, 2000). 
 
To identify the potential functionally important sites in both domains of RsmC, we 
calculated the sequence conservation in the RsmC family and mapped it onto the protein 
surface. This analysis reveals two conserved patches: the larger one lining up a deep 
pocket in the CTD formed by motifs: X, I, II, III, IV and VI, and the smaller one on the 
exposed protuberance of the NTD formed by motifs VII and VIII. Importantly, the 
conservation is asymmetric across the domains– neither the NTD pocket nor the CTD 








Figure 3.10 A) Amino acid sequence conservation in the RsmC family mapped onto 
the RsmC surface using ConSurf (from red: no conservation, to blue: identity) B) 
Electrostatic potential mapped onto the RsmC surface (from red -5kT to blue, +5 kT):  
showing the positively charged protuberance in the NTD and the dominantly negatively 
charged CTD (left and right, respectively) separated by a cleft. C) Ribbon diagram of 
RsmC with residues studied by mutagenesis shown in white- The docked SAM 
molecule is shown in orange, and the docked substrate guanosine 1207 in cyan. Ligands 
were docked manually, to visualize the active site, by analogy with other MTase 
structures. D) A detailed view of the predicted ligand-binding/active site pocket in 
RsmC-Atoms of docked ligands and predicted ligand-binding residues are colored using 
the following scheme: C, grey; O, red; N, blue; S (in SAM) and P (in guanosine), yellow. 




On the other hand, mapping of the electrostatic potential on the surface of RsmC reveals 
that the protein is almost uniformly negatively charged with the exception of a small 
positive patch on the conserved NTD protuberance (Figure 3.10 B). We carried out 
analogous analyses for a comparative model of RlmG (YgjO), a MTase closely related to 
RsmC and also exhibiting two domains, but specific for m2G modification at the G1835 
another position of 23S rRNA (Sergiev et al., 2006). The distribution of conservation in 
the RlmG family is similar to that in the RsmC family, with high conservation in the 








Figure 3.11 Model of the E. coli RlmG protein (based on the alignment in Figure 
3.9), shown in the surface representation 
A) Amino acid sequence conservation in the RlmG family mapped onto the RlmG 
model surface using ConSurf (from red: no conservation, to blue: identity).  
B) Electrostatic potential mapped onto the RlmG surface (from red -3kT to blue, +3 
kT) showing the positively charged protuberances, both in the NTD as well as in the CTD 
(unlike in the E. coli RsmC, where only the NTD protuberance is charged, Figure 3.10). 







Interestingly, while the CTD pocket is conserved between RsmC and RlmG, the NTD 
protuberance is not, i.e. motifs VII and VIII in both families exhibit different conserved 
amino acids (Figure 3.9). RlmG is also negatively charged, with positive patches on both 
NTD and CTD protuberances  (Figure 3.11). 
 
Conservation of the pocket with motifs I and IV suggest that the CTD of RsmC and 
RlmG is important for binding of the SAM cofactor and the catalysis of the methyl 
transfer reaction. On the other hand, a positively charged protuberance that shows 
differential conservation in MTase families of different specificity is likely to be 
important for the recognition and binding of their different rRNA substrates. This 
prediction is further supported by bioinformatics methods for prediction of RNA-binding 
sites RNABindR (Terribilini et al., 2006) and BindN (Wang and Brown, 2006) that 
identify region 130-145 (encompassing motif VIII in the NTD) as a likely RNA-binding 
site (data not shown). 
 
3.3.4 Structure-function relationships in RsmC.  
To characterize the function of each domain of RsmC and to confirm the predicted role of 
individual residues, we designed and constructed two deletion mutants corresponding to 
the isolated NTD and CTD (aa 1-158 and 159-336, respectively), and a series of point 
mutants of conserved residues in the full-length RsmC that mapped to the predicted SAM 
binding site, guanosine-binding/catalytic site, and the RNA-binding site. For the potential 
RNA-binding site we constructed three double mutants of neighboring positively charged 
residues (see Figure 3.10 C). The NTD as well as the point mutants expressed and 
purified easily using procedure optimized for the wild-type protein, while the isolated 
CTD turned out to be very difficult to purify in these conditions and only the purification 
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and refolding from inclusion bodies enabled us to obtain sufficient amounts of the 
deletion mutant protein for further experiments. It is known that a maltose-binding 
protein (MBP) can act as a ‘passive chaperone’ to improve the solubility and promote the 
proper folding of their fusion partners (Nallamsetty and Waugh, 2006). Thus, we 
constructed two variants of the RsmC CTD, fused to the MBP either in the N or C-
terminus of the isolated domain (i.e. MBP-CTD or CTD-MBP). We found that the MBP-
CTD fusion protein purifies well, similar to the wild-type RsmC (NTD-CTD), while the 
CTD-MBP fusion protein purifies poorly, similar to the isolated CTD (data not shown). 
In the MBP-CTD fusion, the MBP domain physically replaces the NTD of the wt RsmC 
and has the opportunity to fold before the CTD, as it leaves the ribosome earlier. On the 
other hand, in the CTD-MBP fusion CTD leaves the ribosome first, and it is likely that it 
starts to fold before it has a chance to interact with the MBP domain. Our results suggest 
that the RsmC CTD has lost the ability to fold on its own and requires a pre-folded 
‘intramolecular chaperone’ localized at its N-terminus, be it the NTD or another well-
folded domain such as MBP.  
 
In order to characterize the function of individual residues, we carried out the functional, 
biochemical and biophysical characterization of the point mutants. The biochemical assay 
involving the in vitro methylation of ribosomes isolated from the rsmCΔ strain (see 
Materials and Methods for details) revealed that all mutant proteins exhibit reduced 





Figure 3.12 In vitro MTase activity of the mutant RsmC variants, measured on the 30 S RNA ribosome subunits isolated from the rsmC 
K.O. strain 
 The activity is shown as the percentage of the wild-type MTase activity. Double and single substitutions in the presumed RNA binding site are 
indicated in gray, substitutions in the SAM binding site are indicated in black, and the substitution in the active site is indicated in white. 
 
 92 
In particular, alanine substitution of residues predicted to be important for SAM binding 
showed the most severe loss of activity (D202A in motif I to 4% and D227A in motif II 
to 13%). The alanine substitution of the Asn residue in the predicted catalytic NPPF 
motif IV (N268A) has reduced the activity to 20% of the wild-type. On the other hand, 
substitutions of individual residues in the predicted RNA-binding site had relatively mild 
effects on the RsmC activity– their activity was typically reduced only to 30-50% of the 
wt enzyme (see Figure 3.12). Double mutants exhibited further reduction of activity, e.g. 
K86S/K88S to 16%. These results are very similar to those obtained in the course of 
mutagenesis of the rRNA:m6A methyltransferase ErmC’ (Maravic et al., 2003), where it 
was also impossible to obtain a mutant that would be completely inactive in vitro even 
with multiple substitutions in the predicted RNA-binding site.  
 
The interactions between RsmC (and its mutant variants) and the methyl group donor 
SAM were studied by isothermal titration calorimetry.  The thermodynamics of binding 
is given in Table 3.2. The mutants D202A and D227A in the potential SAM binding site 
in the C terminal domain showed complete inability to bind the cofactor (Figure 3.13), 
while the N268A mutant in the predicted catalytic motif NPPF that coordinates 
interactions between SAM and the target guanosine showed almost five-fold reduction in 
the SAM binding affinity (Figure 3.13 and Table 3.2). On the other hand, mutants in the 
predicted RNA-binding site in the NTD could still bind SAM with wild-type-like 
affinities (Table 3.2) indicating that their reduced activity is not due to the compromised 
cofactor binding.  
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Figure 3.13 ITC spectra for RsmC wild-type and mutants- Baseline subtracted raw ITC data for injections of SAM (ligand) is indicated in 
the upper panels of each of the ITC profiles shown (for the wild-type as well as the variants of RsmC). The peaks normalized to the 
ligand/protein molar ratio were integrated as is shown in the bottom panels. The solid dots indicate the experimental data and the best fit to 
the experimental data were obtained from a non-linear least squares method of fitting using a one-site binding model depicted by a solid line. 
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Figure 3.13 ITC spectra for RsmC wild-type and mutants 
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Figure 3.13 ITC spectra for RsmC wild-type and mutants. 
 











































Native 2.09 11.52 14.9 7.15 0.94 
R138A 1.78 11.84 16.4 7.03 0.99 
K133A 1.96 8.92 6.19 7.07 0.97 
K133E 1.91 12.08 17.0 7.10 0.91 
K133S 1.74 6.03 -3.42 7.03 1.20 
R138S,R139S 1.89 5.60 -5.06 7.09 1.11 
K86A 2.10 16.39 31.6 6.97 1.04 
R13S 1.74 11.68 15.8 7.05 0.95 
R115S,R119S 1.89 10.40 11.3 7.09 0.93 
K86S,K88S 1.94 11.33 14.5 7.08 0.99 
N268A 0.35 11.66 19.0 6.09 1.03 
D202A                                                        
D227A                                                        
NTD                                                             
MBP-CTD                                                 
                                     NA(no binding was observed) 
 
Ka- binding affinity 
ΔH, ΔS, ΔG- change in enthalpy, entropy and Gibb’s free energy respectively 
 





ITC experiments on the NTD of RsmC with SAM indicated that this domain is not 
capable of binding SAM (Figure 3.13). We failed to obtain a preparation of the isolated 
CTD (with MBP cleaved off) that would be suitable for ITC measurements. Interestingly, 
the entire MBP-CTD fusion protein that could be purified, was unable to bind SAM, 
which indicates one of three possibilities i) the CTD is misfolded (despite the presence of 
MBP) or ii) some portion of MBP blocks the access to the SAM binding site on a 
properly folded CTD or iii) SAM binding by RsmC requires the presence of both NTD 
and CTD. Our crystal structure based docking model suggests that the NTD does not 
make direct contacts with SAM. Thus, based on our analysis of the calorimetric studies 
on the wild type RsmC and point mutants in the CTD that are incapable of SAM binding, 
we propose that the NTD has evolved to be an essential intramolecular chaperone of the 
CTD that promotes the formation of the SAM binding site. 
 
The presented data allow us to conclude that the CTD of RsmC is involved in SAM 
binding and catalysis of the N2-guanosine methylation reaction, while the NTD is 
important for the folding of CTD and contains residues that are important (but not 
essential) for the RNA MTase activity, not by direct involvement in cofactor binding, but 
most likely by RNA binding. We were unable to measure the binding of RsmC and its 
variants to the ribosome; however the analysis of protein structure and sequence 
conservation strongly suggests that the NTD is the principal substrate-recognition and 
binding module of the RsmC. Thus, despite the homology between NTD and CTD they 
appear to perform completely different and complementary roles. 
 
 
Domain duplication and functional specialization is a common evolutionary process. The 
duplication of a gene encoding a primitive multifunctional protein yields two independent 
proteins or one protein with two similar domains, which may experience relaxation of 
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functional constraints and increased rate of mutations (Review: Roth et al., 2007). A 
number of primitive homooligomeric enzymes have been reported to possess 
heterooligomeric counterparts with specialized subunits, the best known example being 
probably the proteasome (Review: Gille et al., 2003). Among enzymes involved in RNA 
metabolism, the most frequent specialization in enzymes composed of two or more 
homologous domains concerns substrate-binding, catalysis or structural stability, 
accompanied by the degeneration of ancestral activities. Examples include heterodimeric 
tRNA deaminases (Gerber and Keller, 1999) and heterodimeric tRNA:m1A58 MTases 
(Bujnicki, 2001; Roovers et al., 2004). Similar mechanisms have been postulated for 
other MTases, including the protein-modifying enzyme PRMT7 comprising two domains 
in the single polypeptide (Gros et al., 2006) and eukaryotic DNA MTases 
Dnmt3a/Dnmt3b/Dnmt3L, where the ‘degenerated’ Dnmt3L is a regulatory subunit in the 
heterodimeric complex with Dnmt3a or Dnmt3b (Gowher et al., 2005; Kareta et al., 
2006). However, thus far no structural information existed to analyze this phenomenon in 
detail. 
 
The structure of RsmC provides the first atomic-level picture of an RNA-modification 
enzyme as well as of a MTase which comprises two domains apparently derived from a 
common ancestor, which underwent differential functional specialization. According to 
ITC measurements, RsmC binds only one SAM molecule, and mutational analyses 
clearly demonstrate that conserved residues in the CTD are responsible for SAM binding. 
The direct involvement of the NTD in rRNA binding remains to be established, 
nonetheless mutational analyses of residues in the conserved charged patch on the NTD 
surface, predicted to be involved in RNA-binding by the RNABindR and BindN 
methods, give strong support for this prediction. Substitutions of these residues 
significantly affected the MTase activity, while they had no effect on the SAM binding 
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ability of the enzyme. A point to be noted, however, is that without the kinetic parameters 
(Km and Vmax), it would be difficult to dissect the role of specific residues in the catalytic 
mechanism of the enzyme. Despite the conservation of the structural ‘MTase-like’ 
scaffold, two RFM domains of RsmC exhibit complementary pattern of sequence loss or 
conservation in motifs implicated in substrate-binding (NTD) versus cofactor-binding 
and catalysis (CTD). Not surprisingly, the isolated domains are unable to carry out the 
methylation reaction. Moreover, even when the two isolated domains of RsmC are mixed 
together, they fail to form a catalytically active complex, suggesting that cooperation 
between the domains requires physical linkage or begins already at the stage of protein 
synthesis. Indeed, we found that the CTD requires a well-folded N-terminal partner to 
fold correctly. It is also possible that the peptide linker between the NTD and the CTD 
plays a role in coordinating binding and catalysis. This specialization of complementary 
functions and resulting mutual dependence of domains (concerning both protein stability 
and enzymatic activity) are likely to be common to other ‘pseudodimeric’ MTases with 
partially degenerated motifs, such as the protein-arginine MTase PRMT7 and in RNA 
modification enzymes composed of several homologous domains.   
 
Recently, Dontsova and coworkers characterized experimentally three E. coli rRNA:m2G 
MTases: RlmL that modifies G2445 in 23 S rRNA (Lesnyak et al., 2006), RlmG that 
modifies G1835 in 23S rRNA (Sergiev et al., 2006), and RsmD that modifies G66 in 16S 
rRNA (Lesnyak et al., 2007). They have demonstrated that RsmD is encoded by the 
YhhF open reading frame (ORF), and that the YgjO ORF encodes not the RsmD enzyme 
as previously believed (Bujnicki and Rychlewski, 2002; Tscherne et al., 1999), but 
RlmG. They have also determined the structure of YhhF/RsmD, which revealed a single 
catalytic domain (Lesnyak et al., 2007). Based on these findings, Dontsova and 
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coworkers proposed a hypothesis that E. coli rRNA:m2GMTases can be divided into two 
categories based on the domain structure and substrate specificity: MTases composed of 
multiple domains would recognize protein-free ribosomal RNA in vitro and most 
probably, unfolded early assembly intermediates in vivo, while MTases comprising only 
the catalytic domain would recognize only late assembly intermediates resembling the 
completed 30S particle and not the free RNA (Sergiev et al., 2007). They predicted that 
RlmG and RlmL (whose structures remain unknown) are composed of multiple domains, 
and that RsmC closely resembles RsmD in that it is composed only of a single domain. 
(Lesnyak et al., 2007). On the other hand, our results clearly show that RsmC is 
composed of two domains and is closely related to RlmG (YgjO) rather than RsmD 
(YhhF). Besides, RsmD has been shown to require the presence of proteins S7 and S19 
with the 16S rRNA to be recognized by the enzyme (Weitzmann et al., 1991). Thus, it 
appears that the relationship between structure and substrate specificity in rRNA:m2G 
MTases is more complex and cannot be inferred simply from the number of domains in 
different proteins. 
 
3.3.5 Coordinate deposition 
 
Coordinates and structure factors have been deposited with RCSB Protein Data Bank 
under the code 2PJD.
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Crystal structure of the Escherichia coli 
23S rRNA:m5C methyltransferase RlmI 
(YccW) reveals evolutionary links 








Methylation is the most common RNA modification in all the three domains of life. The 
rRNA MTase RlmI (previously known as YccW) specifically modifies Escherichia coli 
23S rRNA at nucleotide C1962 to form 5-methylcytosine (m5C). RlmI belongs to the 
COG1092 family, which comprises a number of functionally uncharacterized, putative 
MTases with similar domain composition, and also includes longer proteins such as the 
23S rRNA:m2G2445 MTase RlmL (formerly YcbY) (Lesnyak et al, 2006).  
 
In this chapter, we report the crystal structure of RlmI refined at 2 Å to a final R-factor of 
0.189 (Rfree=0.241). The RlmI molecule comprises three domains: the N-terminal PUA 
domain, the central domain that resembles a domain previously found in RNA:5-
methyluridine (m5U) MTases, and the C-terminal catalytic domain that contains the 
AdoMet-binding site. The central and C-terminal domains are linked by a β-hairpin 
structure that has previously been observed in several MTases that act on nucleic acids or 
proteins. Based on bioinformatics analyses, we propose a model for the RlmI-AdoMet-
RNA complex.  
 
Comparative structural analyses of RlmI and its homologs provide insight into the 
potential function of several presently uncharacterized protein structures that have been 
solved by Structural Genomics groups and, furthermore, indicate that the evolutionary 






4.2 Materials and Methods 
4.2.1 Protein expression, purification and crystallization 
The yccW (rlmI) gene within the pCA24N vector that encodes a noncleavable N-terminal 
His6 tag was obtained from the ASKA recloned library (NBRP NIG, Japan: E. coli). This 
plasmid was used to transform the BL21(DE3) strain of Escherichia coli for protein 
expression. The E. coli cells were cultured in 1 liter LB medium at 37°C and were 
induced with 100µM IPTG at an optical density at 600nm of 0.5 to 0.6. The culture was 
then allowed to grow at 20°C overnight. The cells were harvested by centrifugation the 
following morning. The pellet was re-suspended in 40ml Lysis Buffer (50 mM Tris-HCl 
pH 8.8, 200 mM NaCl, 5% (v/v) Glycerol, 0.5% (v/v) Triton X 100, 5 mM β-
mercaptoethanol containing 1 CompleteTM EDTA free protease inhibitor tablet (Roche 
diagnostics).  
 
The cell lysate obtained after sonication was centrifuged at 18,000 rpm for 30 minutes at 
4°C (Beckman Coulter centrifuge, rotor: JA 25.50) The supernatant was left on a Ni-
NTA (Qiagen) agarose column for 1 h at 4°C, and was subsequently washed with Wash I 
(50 mM Tris-HCl pH 8.8, 200 mM NaCl, 5% (v/v) glycerol, 0.5% (v/v) Triton X-100, 5 
mM β-mercaptoethanol, 5 mM imidazole), Wash II (50 mM Tris HCl pH 8.8, 1 M NaCl, 
5% (v/v) glycerol, 10 mM imidazole, 5 mM β-mercaptoethanol) and Wash III (50 mM 
Tris-HCl pH 8.8, 200 mM NaCl, 5% (v/v)  glycerol, 5 mM β-mercaptoethanol, 10 mM 
imidazole). Protein was eluted from the affinity column using with 50 mM Tris-HCl pH 
8.8, 200 mM NaCl, 5% (v/v) glycerol, 5 mM β-mercaptoethanol, 200 mM imidazole). 
The protein was loaded onto a Superdex 75 column (Amersham Biosciences) equilibrated 
with 50 mM Tris-HCl pH 8.8, 200 mM NaCl, 5% (v/v) glycerol, 5 mM β-
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mercaptoethanol, 10 mM MgCl2. The peak fractions were collected and concentrated by 
ultra-filtration to a final concentration of 4 mg/ml. 
 
Selenomethionine-substituted RlmI was obtained by growing cells under conditions of 
endogenous methionine synthesis inhibition in M9 medium (Doublie, 1997). SeMet 
protein was purified as described for the native protein. The presence of SeMet in the 
protein was verified by MALDI-TOF MS. 
 
Crystallization conditions for the protein were screened using Hampton Research Screens 
(Screen 1 and Screen 2) using the hanging drop vapor diffusion technique. Crystals of the 
native protein were observed with 30% (w/v) PEG4000, 0.1 M Tris-HCl pH 8.5 and 0.2 
M sodium acetate (Hampton Research Screen 1, condition 22). Small diamond shaped 
crystals formed within 4 to 5 days at a protein concentration of 4 mg/ml and grew to 
diffraction quality after a week. The SeMet crystals formed under conditions similar to 
the native crystals. 
4.2.2 Data collection, structure solution and refinement 
The crystals were directly taken from the drop, and flash cooled in a N2 cold stream at 
100 ºK. The native crystals diffracted up to 2.3Å resolution using an R-axis 1V++ image 
plate detector mounted on a RU-H3RHB rotating anode generator (Rigaku Corp., Tokyo, 
Japan). Synchrotron data were collected at beam lines X12C and X29, NSLS, 
Brookhaven National Laboratory for the SeMet protein. A complete MAD dataset was 
collected (Table 4.1) using Quantum 4-CCD detector (Area Detector Systems Corp., 
Poway, CA, USA) to 2.0Å resolution. Data was processed and scaled using the program 
HKL2000 (Otwinowski & Minor, 1997). 
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The SnB program located 16 of the expected 20 selenium sites in the asymmetric unit 
(Weeks & Miller, 1999). The initial phases were further improved by density 
modification using Resolve (Terwilliger, 2000). Density modification was followed by 
iterative model building and refinement until approximately 90% of the molecule was 
built with side chains. The remainder was built manually using the program Coot 
(Emsley & Cowtan, 2004). Further cycles of model building alternating with refinement 
using the program CNS (Brünger et al., 1998) resulted in the final model, with an R-
factor of 0.189 (Rfree=0.241), refined to 2.0Å resolution with a 2σ cutoff (Table 4.1). The 
final model comprises 790 residues (Chain A and B) (Ser2-Met396) and 463 water 
molecules. 
 
4.2.3 Isothermal titration calorimetry (ITC)  
Proteins were extensively dialyzed against a 500-fold excess volume of the buffer 
containing 20mM Na-Hepes pH 8.0, 5% (v/v) glycerol, 10mM MgCl2, 0.2M NaCl, 
10mM DTT, for about 14 h for the titration experiments. S-adenosyl-L-methionine 
(AdoMet, Sigma) and S-adenosyl-L-homocysteine (AdoHcy, Sigma) solutions were 
prepared in the same buffer. The ITC experiments were carried out using VP-ITC 
calorimeter (Microcal, LLC) at 20 °C using 0.02 mM of the protein in the sample cell and 
0.4 mM of AdoMet or AdoHcy in the injector. All samples were thoroughly degassed and 
then centrifuged to remove precipitates. Volumes of 4 µL per injection were used for the 
different experiments. Consecutive injections were separated by at least 5 min to allow 
the peak to return to the baseline. The ITC data was analyzed using a single site fitting 
model using Origin 7.0 (OriginLab Corp.) software. 
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4.2.4 Bioinformatics methods 
Searches for similar structures in Protein Data Bank were carried out with DALI (Holm, 
& Sander, 1993) Multiple sequence alignment of the COG1092 protein family was 
calculated using PROMALS (Pei & Grishin, 2007) with default parameters, followed by 
manual correction based on the result of structure superposition. Mapping of sequence 
conservation onto the model was done via the COLORADO3D server (Sasin & Bujnicki, 
2004),  using the Rate4Site method, with the JTT substitution matrix and ML model for 
rate inference. Prediction of RNA binding residues was carried out using RNAbindR 
(Terribilini et al., 2007). Protein-RNA docking was done with HADDOCK (van Dijk et 
al., 2006). Figures were rendered using PyMol (www.pymol.org; DeLano, 2002) and 
ESPript (Gouet et al., 2003). 
 
A phylogenetic tree based on sequences was calculated from the sequence alignment with 
MEGA 4 (Tamura et al., 2007), using the Neighbor-Joining method, with the JTT model 
of substitutions and pairwise deletions. The stability of individual nodes was calculated 
using the bootstrap test (1000 replicates). A phylogenetic tree based on structures (for 
selected RFM proteins) was calculated using the methodology developed by Luthey-
Schulten and coworkers (O'Donoghue et al., 2005). First, a multiple structure alignment 
was calculated for a set of related structures; then, for each pair of structures a measure of 
structural similarity Q(h) was calculated. Q(h) considers the structural distances of both 
the aligned core of structures and unaligned variable regions by estimating the effects of 
gaps and how insertions perturb the aligned core structure, according to the following 
formula: Q(h)=X-1(qaln+qgap), where X is normalization index; qaln counts structurally 
aligned regions by computing the unnormalised fraction of Cα-Cα pairs distances that are 
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similar between two aligned structures. qgap corresponds to structural deviations 
introduced by insertions in each protein in an aligned pair. A pairwise distance matrix 
based on Q(h) scores was used as an input to compute a phylogenetic tree using the 
Neighbour Joining approach. 
 
4.3 Results and Discussion 
4.3.1 Characterization of RlmI  
The purified protein was verified to be of good quality (Figures 4.1 and 4.2). MALDI-
TOF MS showed that SeMet was successfully incorporated into the protein (Figure 4.3). 
The crystals of RlmI (Figure 4.4) diffracted up to 2.1 Å using the in-house X-ray 
diffractometer and a sample diffraction pattern is shown in Figure 4.5. 
 
Figure 4.1 Gel filtration profile of RlmI 
The protein was passed through a Superdex 75 column (Amersham BioSciences) using a 






Figure 4.2 Top a) SDS-PAGE of purified RlmI  
                  Bottom b) DLS results  
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Figure 4.3 MALDI-TOF MS spectra for native (left) and selenomethionyl (right) RlmI
































































Figure 4.4  Crystals of SeMet RlmI 
 
Figure 4.5  Sample diffraction pattern for a SeMet RlmI crystal 
The crystal was mounted on a RU-H3RHB rotating anode generator at DBS, NUS and 
diffracted upto 2.1 Å. 
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4.3.2 Structure of RlmI  
The structure of recombinant E. coli RlmI was solved by the multi-wavelength 
anomalous dispersion (MAD) method (Hendrickson et al., 1990) from synchrotron data 
using SeMet labeled protein. The model was refined to a final R-factor of 0.189 
(Rfree=0.241) at 2.0 Å resolution with good stereochemical parameters (Table 4.1)  
Data set Peak Inflection 









Data collection   
Resolution range (Å) 50-2.0 50-2.0 
Wavelength (Å) 0.9791 0.9795 
Observed reflections > 1σ 320168 320547 
Unique reflections 84024 84387 
Completeness (%) 100 99.9 
Overall (I/σI) 18.6 16.7 
Rsyma (%) 5.6 5.8 
Refinement and quality   
 Resolution range (Å)                                45-2.0 
 Rworkb (no. of reflections)     0.189 (71454) 
 Rfreec (no. of reflections)     0.241 (7904) 
 RMSD bond lengths (Å)  0.01 
 RMSD bond angles(º)  1.46 
 Average B-factors d (Å2) 
                     Main chain 
                     Side chains                
B-RMSD  main chain (Å2) 








Ramachandran plot   
. 
Most favored regions (%) 
  
88.1 








 Disallowed regions (%)  0.3 
 
a Rsym = ∑|Ii -<I>|/∑|Ii| where Ii is the intensity of the ith measurement, and <I> is  the mean intensity for 
that reflection. 
b Rwork = ∑| Fobs - Fcalc|/∑|Fobs| where Fcalc and Fobs are the calculated and observed structure factor 
amplitudes, respectively. 
c Rfree = as for Rwork, but for 8% of the total reflections chosen at random and  omitted from refinement. 
d  Individual B-factor refinement were carried out. 
 
Table 4.1 Crystallographic data collection and refinement statistics
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The RlmI protein consists of 396 amino acids and an N-terminal (His)6 tag, and the 
crystallographic model clearly shows residues from Ser2 to Met396. The N-terminal 
residue Met1 and the (His)6 affinity tag had no interpretable electron density and were not 
modeled. A simulated annealing Fo-Fc omit map of the putative AdoMet binding site of 
RlmI is shown (Fig. 4.6).  
 
 
Figure 4.6 Simulated annealing Fo-Fc omit map in the active-site region of RlmI 
Ser 339 and all atoms within 2.5 Å were omitted prior to refinement. The cysteine in the 
active site is labeled. The map is contoured at a level of 3.0 σ.  
 
 
RlmI crystallized with two molecules in the asymmetric unit. Each monomer of the 
crystallographic dimer of RlmI comprises three domains: the N-terminal PUA domain 
(residues Met1-Asp75), the central domain (residues Ile76-Tyr205) and the C-terminal 
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RFM domain (residues Leu206-Met396) (Fig. 4.7 A) The N-terminal PUA domain 
assumes a predominantly β-stranded structure with one alpha helix (β1↑ α1 β2↓ β3↑ β4↓ 
β5↑) (Perez-Arellano, 2007) The central domain has five β-strands and three α-helices 
(α2 β6↑ β7↓ β8↑ α3 β9↑ α4 β10↓), and is linked to the C-terminal domain by a β-hairpin 
loop (β11 and β12). The C-terminal domain exhibits a typical RFM fold (Bujnicki, 1999) 
consisting of a seven stranded β-sheet surrounded by α5-α7 on one side and α8-α10 on 
the other side (α5 β13↑ α6 β14↑ α7 β15↑ α8 β16↑ α9 β17↑ α10 β19↓ β18↑). Most of the 
interdomain contacts within the monomer are between the N-terminal and the central 
domains, which include Trp21, Ser56, Ser59 and Arg64 from the N-terminal, and Glu108 















Figure 4.7 A) Structure of RlmI (monomer) 
The catalytic RFM domain is shown in blue, the β-hairpin structure is shown in green, 





Each monomer has dimensions of approximately 70 Å (length) and 35 Å (width) (Fig. 4.7 
A). The two monomers of the dimeric RlmI (Fig 4.7 B) exhibit a high degree of 
complementary packing where the N-terminal of one monomer packs against the C-
terminal of the other. Residues in the monomers are at distances that would maintain the 
dimer by eleven strong hydrogen bonding contacts (< 3.2 Å) and several hydrophobic 
interactions. In the dimer form, the residues Arg17, Arg18, Lys88, Trp92 and Asp97 
from the N-terminal domain of one protomer have hydrogen bonding contacts with the 
residues Arg217, Lys222, Asp355, Ile358, Asp363 and Arg394 from the C-terminal 
domain of the other protomer. The crystallographic dimerization interface shows a buried 
surface area of 3665 Å2 which covers 12% of the total surface area of one monomer, as 
calculated using the CNS program (Brünger et al., 1998). The contacts that bridge the 
crystal dimer appear to be either conserved or co-variant in other RlmI homologs, 
suggesting that dimerization also would occur in these related proteins. In addition, 
analytical ultracentrifugation experiments on  RlmI indicated the presence of dimers in 




















Figure 4.7 B)  Structure of RlmI (dimer) 
The catalytic RFM domain is shown in blue, the β-hairpin structure is shown in green, 
the EEHEE domain in shown in red, other nonconserved structural elements are shown in 
grey. The second monomer is shown in yellow.  
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A DALI search (Holm & Sander, 1993) for globally similar proteins was performed 
within the PDB. Significant structural similarity was found between RlmI and other 
members of COG1092, which are all functionally uncharacterized proteins solved by 
Structural Genomics consortia, thus far without published analyses (Fig. 4.8). The highest 
structural similarity was observed between RlmI and PH1915 from Pyrococcus 
horikoshii (PDB code 2as0) (Sun et al., 2005), followed by TTHA1280 from Thermus 
thermophilus (PDB code 1wxx) (Pioszak et al., 2005) and SMU776 from Streptococcus 
mutans (PDB code 2b78; Nan, J.,  Wang, K.T.,  Su, X.D. manuscript to be published). 
RlmI also shows a more remote structural similarity to a protein AGC592 from 
Agrobacterium tumefaciens (PDB code 2igt; Kim, Y.,  Joachimiak, A.,  Xu, X.,  Gu, J.,  
Edwards, A.,  Savchenko, A. manuscript to be published), a diverged member of 
COG1092, which lacks the N-terminal PUA domain. Overall, these molecules 








Fig. 4.8. Stereo Cα superposition of RlmI with its close homologs from COG1092 
RlmI (black), PH1915 (2as0, yellow; RMSD of 1.8 Å for 373 Cα atoms, 34% sequence 
identity with RlmI), TTHA1280 (1wxx, cyan; RMSD of 2.8 Å for 373 Cα atoms; 38% 
sequence identity), SMU776 (2b78, green; RMSD of 2.7Å for 371 Cα atoms with 28% 







4.3.3 Evolutionary relationship of RlmI to other protein structures  
The RlmI family is composed of orthologs that presumably perform the same function 
and paralogs that would have different functions, and one has to discriminate between 
these subgroups before functionally important residues can be identified and interpreted 
within structural contexts. As would be expected, alignments reveal conservation of the 
AdoMet-binding site (motifs I, II, and III) amongst all members of the COG1092 family 
(representative sequences shown in Fig. 4.9). The conserved sequence D-P-P-X-(F/Y/h) 
in motif IV [X is any residue and h is a hydrophobic residue] displays a similarity to the 
(D/N/S)-P-P-(F/Y/W/H) motif of MTases that act on exocyclic nitrogen groups in nucleic 
acids (Bujnicki, 2000) One residue has been inserted between the D-P-P sequence and the 
aromatic/hydrophobic residue, which respectively stabilize the target base by hydrogen-
bonding and stacking interactions. Similarities are also observed in the structurally 
important motif V. However, the sequences of the COG1092 family diverge in the C-
terminal motifs VI-VIII, which are involved in substrate binding and catalysis, and this 
suggests that these proteins should be divided into subgroups. In particular, there are 




 Figure 4.9 Sequence alignment of the COG1092 family, including RlmI and its homologs 
of known structure 
Only individual members of each lineage are shown. Amino acids are colored according to 
similarity of their physico-chemical properties. The secondary structural elements for E. coli 
RlmI are shown above the sequence. Approximate boundaries of PUA and EEHEE domains, and 
of the beta-hairpin structure at the N-terminus of the RFM domain are indicated below the 
alignment. Structural motifs that characterize RFM domains (X and I-VIII) are also indicated. 
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A phylogenetic tree of the COG1092 family based on the alignment (Fig. 4.10) reveals 
five main branches corresponding to proteins with different features. The first and largest 
branch groups true orthologs of RlmI from Gram-negative and -positive Bacteria as well 
as from Archaea. These proteins are characterized by the presence of Cys in motif VI, 
and an N-terminal PUA domain; structures of three members have been solved by 
crystallography (RlmI, 2as0, and 1wxx). The second branch, closely related to the RlmI 
branch, exclusively contains Gram-positive members exemplified by YwbD from 
Bacillus subtilis and a single crystal structure (2b78). These proteins share the PUA 
domain and the YLK motif with the RlmI branch, but they have Asn in motif VI where 
the presumably catalytic Cys residue of RlmI is located. The third branch contains two 
proteins from Deinococcus radiodurans and Pseudomonas aeruginosa both of which lack 
the PUA domain, only the LK dipeptide is conserved in motif VIII, and they also have 
Asn in stead of Cys in motif VI.  
 
The fourth and yet more distantly related branch groups the C-terminal segments of 
RlmL (YcbY) together with their free-standing counterpart from Neisseria meningitidis. 
RlmL contains two RFM domains, where the C-terminal RlmI-like module (the 
COG1092 part) is fused to another MTase module (member of COG0116) consisting of a 
putative N-MTase domain (Bujnicki, 2000) and a THUMP domain (Aravind and Koonin, 
2001). The proteins in this fourth branch lack PUA, they have Asn in motif VI, and they 
have preserved residues and motifs that are absent in other subfamilies. No member of 
the fourth branch has yet been structurally characterized. The fifth branch is comprised of 
proteins from alpha-Proteobacteria together with Chlamydiae; they lack PUA and have 
the least sequence conservation with the central domains of other COG1092 members; 




Figure 4.10  A phylogenetic tree of the COG1092 family 
Five main branches referred to in the text are shown as thick lines and numbered. 
Sequences are indicated by their NCBI GI number, protein name from the COG database, 
and abbreviated genus and species name (e.g. Esccol for Escherichia coli). The Protein 
Data Bank accession number is indicated in cases where the three-dimensional structures 
are known. Values at the nodes indicate the statistical support for the particular branches, 
according to the bootstrap test. The most pertinent sequence features that distinguish 
different families are indicated in brackets.  
 
The dispersion of different taxa throughout the COG1092 branches suggests that these 
proteins evolved through multiple gene duplications and losses. Particularly noteworthy 
are the recent duplications of an RlmI ortholog within Methanococcus jannaschii 
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(MJ1653, MJ1649), and three paralogs in Pseudomonas aeruginosa and Deinococcus 
radiodurans. Establishing the substrate specificities of these paralogs, and relating these 
to their sequence differences, will give us a clearer understanding of their evolution. 
Phylogenetic analysis suggests that different subfamilies within COG1092 have 
preserved a common AdoMet-binding site while becoming adapted to carry out distinct 
reactions through the strongly diversified catalytic part of their RFM domain. With this 
consideration in mind, we mapped only the sequences most closely related to RlmI, and 
thus presumably true orthologs, onto the RlmI structure. The analysis revealed a strongly 
conserved groove containing the putative AdoMet-binding site and substrate-
binding/catalytic site (Fig. 4.11 A).  These putative sites on the RlmI protein match well 
with the surface distribution of electrostatic charges: negative charges are concentrated in 
the AdoMet-binding site (the cofactor has a net positive charge) and a large surface of 












Figure 4.11 Surface representations of RlmI 
A) RlmI in the surface representation, colored according to sequence conservation among 
genuine RlmI orthologs. The color spectrum ranges from deep blue (invariant residues), 
to cyan (conserved) to yellow/red (highly variable). A highly conserved blue patch at the 
bottom of the large cleft indicates the cofactor-binding site and the catalytic site. B) RlmI 
in the surface representation, colored according to the electrostatic potential. The color 
spectrum ranges from deep red (-5 kT) to deep blue (+5 kT). The predicted binding 
pockets exhibit charge that is complementary to that of the ligands: the AdoMet-binding 





4.3.4 PUA domain of RlmI 
 
PUA domains have been implicated in several functions, the most common of which is 
RNA-binding (Aravind and Koonin, 1999). The architecture of the PUA domain within 
the N-terminal region of RlmI is typical for this type of structure and consists of two 
short helices and a β-sheet with six mostly antiparallel β-strands (Perrez-Arellano et al., 
2007) The topological similarities of known PUA domains were analyzed by using the 
DALI server and revealed that the PUA domain of RlmI is structurally similar not only to 
the N-terminal domains of COG1092 orthologs (2as0, 1wxx, and 2b78), but also to PUA 
domains of various RNA-binding proteins such as a human homolog of Nip7p (PDB 
code 1t5y, RMSD 1.3 Å for 62 Cα atoms), archeaosine tRNA guanine transglycosylase 
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(PDB code 1it8, RMSD of 1.4 Å for 61 Cα atoms), and pseudouridine synthase TruB 
(PDB code 1r3f, RMSD 1.9 Å for 49 Cα atoms). Superimposition of PUA domains is 
shown in Fig. 4.12. Notably, RlmI shows no close structural similarity to the PUA 
domain of RsmF (Hallberg et al., 2006), which is also an E. coli rRNA m5C MTase. The 
PUA domain of RlmI is more similar to other known PUA domains, while the PUA 
domain of RsmF has diverged markedly (data not shown). 
 
The sequence and structural variation in the PUA domain probably reflect their function 
in recognizing distinct and specific substrates. In particular, the sequence and structural 
divergence among the COG1092 PUA domains suggests that they may interact with 
different sequences within structurally conserved rRNA substrates. To date, the crystal 
structures of only three PUA-containing RNA modification enzymes have been solved in 
complex with their RNA substrate: the transglycosylase ArcTGT with full-length 
tRNAVal (Ishitani et al., 2003); the pseudouridine synthase TruB with a tRNAPhe fragment 
(Hoang and Ferré-D’Amaré, 2001); and Cbf5 in complex with H/ACA RNA (Li & Ye, 
2006). No structures are presently available for rRNA-targeting PUA MTases in complex 
with their substrate. The substrate recognition elements seem to be distributed throughout 
the PUA domain (Perrez-Arellano et al., 2007), and include in particular the Gly-
containing loop located between α-helix 1, β-strand 2 and residues from β-strand 6. This 
structural arrangement enables the PUA domain to recognize and interact with a double-
stranded RNA stem, and variations within the sequences of different PUA domains 







Figure 4.12 Superposition of PUA domains 
A) Stereo Cα superposition of PUA domains of E. coli RlmI (red), Nip7p homolog from 
H. sapiens (PDB 1T5Y, cyan), E. coli TruB (PDB 1R3F, magenta), P. horikoshii 
ArcTGT (PDB 1IT8, yellow), E. coli RsmF (PDB 2FRX, blue). The superposition was 
generated using the program O (Jones et al., 1991). The RMSD between the PUA domain 
of RlmI and the superposed PUA domains of the other proteins are 1.25 Å for 62 Cα 
atoms for Nip7p homolog, 1.9 Å for 49 Cα atoms for TruB, 1.4 Å for 61 Cα atoms for 
ArcTGT and 1.8 Å for 40 Cα  atoms for RsmF. B) Structure based sequence alignment of 
PUA domain of RlmI and its homologs. The secondary structural elements for RlmI are 
indicated in red above the sequence. 
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4.3.5 Central domain of RlmI  
Searching the PDB database for structures homologous to the central domain of RlmI 
predictably reveals the highest similarity to be with other members of COG1092 
(including 2as0, 1wxx, 2b78, and 2igt) with RMSD of 1.7-3.4 Å. An interesting corollary 
is the structural similarity between the central RlmI domain and the corresponding region 
of RlmD (formerly RumA; 2bh2; RMSD of 2.5 Å for 67 Cα atoms); RlmD specifically 
methylates 23S rRNA nucleotide m5U1939 (Lee et al., 2005) In addition, there is 
similarity to domains in PH0793 from Pyrococcus horikoshii (PDB ID: 2frn; RMSD of 
3.3 Å for 77 Cα atoms), which is an archaeal ortholog of the eukaryotic tRNA 
modification enzyme TYW2 (Yml005w in Saccharomyces cerevisiae). Notably, although 
TYW2 acts very similarly to MTases, it transfers the α-amino-α-carboxypropyl group of 
AdoMet (instead of the methyl group) to the C-7 position of the hypermodified yW base 
(wybutosine) (Noma et al., 2006). Therefore, all enzymes that possess a homolog of the 
central domain of RlmI appear to be involved in RNA modification. Superposition of 
these domains reveals a common core with four extended β-strands and one α-helix (in 
RlmI β7↓ β8↑ α3 β9↑ β10↓) and variable elements in the N-terminus. The 2frn domain 
corresponds particularly well with this common core, suggesting that it represents the 
ancestral structural unit. We refer to this domain as the “EEHEE domain”, where E 
represents a β-strand and H, an α-helix.  
 
Each variant of the EEHEE domain is structurally stabilized in a different manner (Fig. 
4.13), for instance in RlmD, this is achieved through a unique Fe-S cluster in the variable 
N-terminal part. In RlmD, the EEHEE domain is involved in specific recognition of the 
RNA substrate, but the Fe-S cluster does not directly participate in this process or in 
catalysis. In RlmI, 2frn and 2igt, the surface region of the EEHEE domain, which in 
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RlmD binds the RNA substrate, is exposed at the 5´-side of the methylated base. This 
region of the rRNA substrate is single-stranded in the RlmD-RNA complex, and this 
contrasts with its structure within the ribosome (Lee et al., 2005) The distribution of 
electrostatic potential on the protein surfaces suggests that a similar region of the EEHEE 
domain in RlmI, 2frn and 2igt has a high propensity to bind RNA. This fits well with the 
bioinformatic predictions of RNA-binding residues (details in Methods), showing that the 
size of the cleft in all three proteins is compatible with binding a single-stranded but not a 
double-stranded RNA, and leads us to speculate that they recognize their substrates in a 
manner similar to that observed for RlmD (Lee et al., 2005). This would explain why 
RlmI acts preferentially on naked rRNA (which can be more easily unfolded), but not on 




Figure 4.13 The EEHEE domain is common to various RNA-modification enzymes 
A) 3c0k (E. coli RlmI), B) 2igt C) 2bh2 D) 2frn. The catalytic RFM domain is shown in 
blue, the β-hairpin structure is shown in green, the EEHEE domain in shown in red, other 
nonconserved structural elements are shown in grey. AdoMet/AdoHcy is in black, the 
RNA is in magenta. This figure was prepared using PyMol (www.pymol.org). 
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4.3.6 Catalytic domain of RlmI.  
The C-terminal domain of RlmI was found to exhibit the highest degree of structural 
similarity with its orthologs from COG1092 (pdb code 2as0, 1wxx, 2b78 and 2igt) as 
well as with a number of other RFM enzymes, including pdb code 2bh2 and 2frn (Table 
4.1 A and B). All these structures possess an additional β-hairpin at the N-terminus (β11 
and β12 in RlmI), which is also found in MTases such as RsmC (Sunita et al., 2007) that 
modify nitrogen atoms of nucleic acid bases or PrmC (Schubert et al., 2003) that modify 
amino acid side-chains in proteins. However, with the exception of RlmI, this element 
has not been observed in an m5C MTase. The β-hairpin structure provides a scaffold for 
an aromatic residue that stacks upon and stabilizes the target base. This residue has been 
identified as F263 in the RlmD-RNA crystal structure (Lee et al., 2005) and Y205 
probably fulfils this role in RlmI (as illustrated by the docking model; Fig. 4.15).  
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  3c0k 2as0 1wxx 2b78 2igt 2bh2 2frn 1ixk 1sqf 2frx 1g55 2qrvA 2qrvB 1dct 5mht 2pjd 1t43 
3c0k X 1.6(211) 1.9(208) 1.7(204) 2.7(198) 2.6(177) 2.6(184) 2.6(163) 2.9(167) 2.9(171) 3.4(159) 3.5(168) 4.1(124) 3.6(169) 3.6(173) 3.1(172) 3.0(182) 
2as0 1.6(211) X 1.2(211) 1.7(202) 2.4(193) 2.6(178) 2.6(188) 2.6(168) 2.9(172) 2.7(173) 3.4(159) 3.1(164) 3.0(118) 3.0(167) 3.3(170) 3.1(174) 3.1(182) 
1wxx 1.9(208) 1.2(211) X 2.0(200) 2.8(194) 2.7(177) 2.9(184) 2.8(167) 3.2(170) 2.8(173) 3.3(159) 3.1(160) 3.0(117) 3.2(166) 3.2(167) 3.4(172) 3.4(181) 
2b78 1.7(204) 1.7(202) 2.0(200) X 2.6(199) 2.7(175) 2.9(184) 2.6(158) 2.7(159) 2.8(160) 3.1(155) 3.1(156) 2.7(117) 3.2(163) 3.2(165) 3.1(171) 2.9(178) 
2igt 2.7(198) 2.4(193) 2.8(194) 2.6(199) X 3.2(176) 3.2(177) 2.9(160) 2.6(161) 2.8(166) 3.1(155) 3.1(164) 3.1(130) 3.4(161) 3.4(165) 3.2(166) 2.9(176) 
2bh2 2.6(177) 2.6(178) 2.7(177) 2.7(175) 3.2(176) X 2.7(175) 2.6(149) 2.7(154) 3.1(154) 2.9(152) 3.3(147) 3.4(113) 3.1(153) 3.3(155) 2.9(163) 2.9(167) 
2frn 2.6(184) 2.6(188) 2.9(184) 2.9(184) 3.2(177) 2.7(175) X 2.8(149) 2.4(148) 3.2(154) 3.3(145) 3.6(143) 3.0(104) 3.1(147) 3.2(148) 2.5(162) 2.7(169) 
1ixk 2.6(163) 2.6(168) 2.8(167) 2.6(158) 2.9(160) 2.6(149) 2.8(149) X 2.0(185) 1.7(186) 3.3(143) 3.1(152) 3.1(114) 3.0(157) 3.2(158) 2.4(151) 2.5(156) 
1sqf 2.9(167) 2.9(172) 3.2(170) 2.7(159) 2.6(161) 2.7(154) 2.4(148) 2.0(185) X 1.8(188) 3.1(149) 3.1(156) 3.1(117) 2.8(154) 2.8(154) 2.2(152) 2.7(163) 
2frx 2.9(171) 2.7(173) 2.8(173) 2.8(160) 2.8(166) 3.1(154) 3.2(154) 1.7(186) 1.8(188) X 3.2(147) 3.3(159) 3.0(116) 3.1(159) 2.8(154) 2.1(150) 2.4(163) 
1g55 3.4(159) 3.4(159) 3.3(159) 3.1(155) 3.1(155) 2.9(152) 3.3(145) 3.3(143) 3.1(149) 3.2(147) X 2.4(165) 3.0(120) 1.8(168) 1.8(169) 3.0(142) 3.1(151) 
2qrvA 3.5(168) 3.1(164) 3.1(160) 3.1(156) 3.1(164) 3.3(147) 3.6(143) 3.1(152) 3.1(156) 3.3(159) 2.4(165) X 2.1(136) 2.1(175) 2.0(175) 2.9(148) 3.2(158) 
2qrvB 4.1(124) 3.0(118) 3.0(117) 2.7(117) 3.1(130) 3.4(113) 3.0(104) 3.1(114) 3.1(117) 3.0(116) 3.0(120) 2.1(136) X 2.7(120) 3.0(126) 3.0(110) 2.9(114) 
1dct 3.6(169) 3.0(167) 3.2(166) 3.2(163) 3.4(161) 3.1(153) 3.1(147) 3.0(157) 2.8(154) 3.1(159) 1.8(168) 2.1(175) 2.7(120) X 1.5(188) 2.6(147) 3.0(157) 
5mht 3.6(173) 3.3(170) 3.2(167) 3.2(165) 3.4(165) 3.3(155) 3.2(148) 3.2(158) 2.8(154) 2.8(154) 1.8(169) 2.0(175) 3.0(126) 1.5(188) X 2.9(148) 3.2(157) 
2pjd 3.1(172) 3.1(174) 3.4(172) 3.1(171) 3.2(166) 2.9(163) 2.5(162) 2.4(151) 2.2(152) 2.1(150) 3.0(142) 2.9(148) 3.0(110) 2.6(147) 2.9(148) X 2.2(174) 




Table 4.2 A) Structural comparison between related RFM domains: Each cell contains the RMSD value followed by the 
number of superimposable C-alpha pairs in parentheses. 
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  3c0k 2as0 1wxx 2b78 2igt 2bh2 2frn 1ixk 1sqf 2frx 1g55 2qrvA 2qrvB 1dct 5mht 2pjd 1t43 
3c0k X 0.227(30.7) 0.251(29.9) 0.296(28.3) 0.435(23.0) 0.497(18.4) 0.458(21.2) 0.568(15.5) 0.540(16.3) 0.556(16.0) 0.584(11.6) 0.581(12.5) 0.682(7.2) 0.586(12.2) 0.580(11.5) 0.509(17.0) 0.532(16.7) 
2as0 0.227(30.7) X 0.153(33.5) 0.306(27.4) 0.428(22.8) 0.479(19.0) 0.423(22.6) 0.550(17.0) 0.535(17.6) 0.558(17.6) 0.570(12.0) 0.581(13.0) 0.687(7.5) 0.577(13.1) 0.568(12.5) 0.497(17.4) 0.527(17.4) 
1wxx 0.251(29.9) 0.153(33.5) X 0.318(26.9) 0.422(22.6) 0.506(18.7) 0.477(20.3) 0.576(16.2) 0.551(16.9) 0.569(17.5) 0.579(12.2) 0.592(12.8) 0.690(8.3) 0.582(12.9) 0.589(12.0) 0.509(16.9) 0.536(16.6) 
2b78 0.296(28.3) 0.306(27.4) 0.318(26.9) X 0.395(23.9) 0.496(17.5) 0.447(20.0) 0.589(14.8) 0.563(15.6) 0.599(14.5) 0.563(11.9) 0.600(12.3) 0.660(8.1) 0.59(12.5) 0.601(11.8) 0.508(16.4) 0.545(15.6) 
2igt 0.435(23.0) 0.428(22.8) 0.422(22.6) 0.395(23.9) X 0.540(16.6) 0.524(17.4) 0.600(14.9) 0.569(16.4) 0.590(15.4) 0.580(13.3) 0.611(13.4) 0.677(8.6) 0.621(13.0) 0.622(12.6) 0.526(16.1) 0.546(16.6) 
2bh2 0.497(18.4) 0.479(19.0) 0.506(18.7) 0.496(17.5) 0.540(16.6) X 0.427(19.5) 0.596(14.0) 0.564(15.8) 0.603(14.1) 0.543(14.3) 0.628(11.4) 0.683(7.0) 0.584(13.8) 0.609(13.1) 0.492(16.5) 0.511(17.2) 
2frn 0.458(21.2) 0.423(22.6) 0.477(20.3) 0.447(20.0) 0.524(17.4) 0.427(19.5) X 0.588(13.8) 0.564(14.7) 0.599(14.2) 0.569(11.3) 0.622(10.6) 0.695(6.1) 0.581(11.7) 0.614(11.3) 0.465(16.8) 0.524(16.4) 
1ixk 0.568(15.5) 0.550(17.0) 0.576(16.2) 0.589(14.8) 0.600(14.9) 0.596(14.0) 0.588(13.8) X 0.366(23.7) 0.357(24.8) 0.630(10.0) 0.607(10.2) 0.657(7.1) 0.609(10.7) 0.579(10.6) 0.563(14.0) 0.543(14.6) 
1sqf 0.540(16.3) 0.535(17.6) 0.551(16.9) 0.563(15.6) 0.569(16.4) 0.564(15.8) 0.564(14.7) 0.366(23.7) X 0.291(26.6) 0.595(12.2) 0.595(12.5) 0.663(7.7) 0.580(12.7) 0.567(11.8) 0.520(16.4) 0.515(16.2) 
2frx 0.556(16.0) 0.558(17.6) 0.569(17.5) 0.599(14.5) 0.590(15.4) 0.603(14.1) 0.599(14.2) 0.357(24.8) 0.291(26.6) X 0.614(11.2) 0.614(11.6) 0.687(6.7) 0.595(12.3) 0.581(11.1) 0.542(15.2) 0.543(16.5) 
1g55 0.584(11.6) 0.570(12.0) 0.579(12.2) 0.563(11.9) 0.580(13.3) 0.543(14.3) 0.569(11.3) 0.630(10.0) 0.595(12.2) 0.614(11.2) X 0.515(17.8) 0.648(8.7) 0.430(21.7) 0.413(21.8) 0.564(11.7) 0.583(11.9) 
2qrvA 0.581(12.5) 0.581(13.0) 0.592(12.8) 0.600(12.3) 0.611(13.4) 0.628(11.4) 0.622(10.6) 0.607(10.2) 0.595(12.5) 0.614(11.6) 0.515(17.8) X 0.542(15.9) 0.468(21.4) 0.483(20.4) 0.568(12.5) 0.586(12.2) 
2qrvB 0.682(7.2) 0.687(7.5) 0.690(8.3) 0.660(8.1) 0.677(8.6) 0.683(7.0) 0.695(6.1) 0.657(7.1) 0.663(7.7) 0.687(6.7) 0.648(8.7) 0.542(15.9) X 0.651(9.6) 0.658(9.5) 0.637(7.5) 0.677(7.6) 
1dct 0.586(12.2) 0.577(13.1) 0.582(12.9) 0.59(12.5) 0.621(13.0) 0.584(13.8) 0.581(11.7) 0.609(10.7) 0.580(12.7) 0.595(12.3) 0.430(21.7) 0.468(21.4) 0.651(9.6) X 0.372(25.9) 0.565(12.4) 0.566(12.9) 
5mht 0.580(11.5) 0.568(12.5) 0.589(12.0) 0.601(11.8) 0.622(12.6) 0.609(13.1) 0.614(11.3) 0.579(10.6) 0.567(11.8) 0.581(11.1) 0.413(21.8) 0.483(20.4) 0.658(9.5) 0.372(25.9) X 0.603(11.8) 0.610(11.8) 
2pjd 0.509(17.0) 0.497(17.4) 0.509(16.9) 0.508(16.4) 0.526(16.1) 0.492(16.5) 0.465(16.8) 0.563(14.0) 0.520(16.4) 0.542(15.2) 0.564(11.7) 0.568(12.5) 0.637(7.5) 0.565(12.4) 0.603(11.8) X 0.421(20.9) 




Table 4.2 B) Structural comparison between related RFM domains: Each cell contains the Q(h) score followed by the DALI Z score 
in parentheses. 
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4.3.7 Thermodynamics of cofactor binding by RlmI 
Two approaches used commonly to obtain crystals of protein-ligand complexes are 
soaking and co-crystallization. Protein crystals that have formed in hanging or sitting 
drops can be used for soaking with suitable ligands. This method is highly sensitive to 
changes in pH, concentration, temperature and time. To introduce the ligand into the 
crystal through this technique, the concentration of the ligand as well as the soaking time 
are varied. The ligands diffuse to the active sites and binding sites through solvent 
channels present within the crystal. The method can sometimes cause a reduction in 
crystal quality, but is not likely to cause changes in unit cell and symmetry. In co-
crystallization, crystals of protein-ligand complexes are obtained by crystallizing the 
protein and ligand together. If the ligand is big (e.g nucleic acids or other proteins), co-
crystallization is the only option. Due to different crystallization conditions, symmetry 
and unit cell dimensions of the complex might change from those of the native protein 
crystals. 
 
Attempts to co-crystallize/soak RlmI with the methyl group donor AdoMet co-factor (or 
the reaction product AdoHcy) did not reveal electron density from which the co-factor 
could be modeled. However, the interaction of RlmI with AdoMet and AdoHcy were 
experimentally observed using isothermal titration calorimetry (ITC; Fig. 4.14), and these 
experiments indicate a single binding site for both compounds. The thermodynamic 
binding parameters for RlmI titrated against AdoHcy were estimated to be: Ka = 1.3 x 
106/M, ΔH = - 9.6 kCal/mole and N = 0.9552; and for AdoMet, Ka = 3.4 x 105/M, ΔH = -
3.2 kCal/mole and N = 1.01 where Ka is the association constant, ΔH is the change in 
enthalpy and N is the number of binding sites. RlmI thus exhibits higher binding affinity 
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Figure 4.14 Isothermal Titration Calorimetric profiles 
ITC spectra for RlmI titrated against the cofactor AdoMet (left) and the cofactor product 
AdoHcy (right). The raw ITC data for injections of AdoMet and AdoHcy into the sample 
cell containing RlmI are indicated in the upper panels of ITC profiles (left) and (right), 
respectively (with the baseline subtracted). The peaks were normalized to the 
ligand:protein molar ratio and were integrated as shown in the bottom panels. The solid 
dots indicate the experimental data and their best fit was obtained from a non-linear least 
squares method of using a one-site binding model depicted by a solid line. 
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4.3.8 Preliminary model of the RlmI-ligand complex 
 
In order to identify potential enzyme-ligand interactions, we constructed a model of the 
RlmI-AdoMet-RNA complex. First, a complex of RlmI-AdoMet was modeled by 
copying the AdoHcy coordinates from the superimposed 2cww structure, and then adding 
a methyl group and energy-minimizing the structure. The model agrees with alignment-
based prediction that N226, D250, and D279 are likely to coordinate the methionine, 
ribose, and adenine moieties of the cofactor (Fig. 4.15). Subsequently, we attempted 
computational docking of the RNA substrate with a number of low- and high-resolution 
methods, e.g. GRAMM and HADDOCK. No reasonable solutions were obtained when 
the RNA was constrained in the vicinity of the target base to maintain the secondary 
structure found in the ribosome; computational removal of the r-proteins and placement 
of the target base into the active site of the enzyme did not improve the result.  
 
A different modeling approach was therefore taken using as a reference RlmD, the most 
closely related MTase for which an RNA-complex structure is available (Lee et al., 
2005). A hybrid was constructed by superimposing the RlmD and RlmI EEHEE domains 
and transferring the 5´-part of the RNA substrate from the RlmD-RNA structure, taking 
care to avoid steric clashes with RlmI. This model was then used to infer the RNA-
binding site on RlmI, and the size of the RNA that would be involved in the interaction. 
The pentanucleotide AGACC was chosen, corresponding to 23S rRNA nucleotides 1958 
to 1962 where the 3´-C is the RlmI target nucleotide. A well-packed model was obtained 
from docking the pentanucleotide onto RlmI while maintaining the same orientation as in 
the RlmD-RNA complex (Fig. 4.15). Although speculative, this model agrees with the 
key experimental observation that RlmI requires a naked RNA substrate, whose 
conformation is not constrained by r-proteins (Purta et al., 2008; unpublished data). We 
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predict that RlmI unfolds its substrate RNA into a single-stranded conformation flipping 
C1962 into the active site, in a manner similar to the mechanism employed by RlmD (Lee 
et al., 2005).  
 
In this model, RlmI would then proceed to the first step of the methylation reaction by 
forming a covalent intermediate between residue Cys340 and the target base C1962. 
Residue Y205 is also likely to be involved by stacking onto and stabilizing the target 
cytosine, while D300 coordinates the cytosine N4 amino group and/or its N3 atom. In 
analogy to RNA substrate binding by RlmD, the RlmI-RNA interaction would involve 
R64 from the PUA domain of RlmI, R103 and Q127 from its EEHEE domain, and K201 
and Y387 from the RFM domain. Most of the residues predicted to have RNA-binding 
and catalytic roles are conserved in the RlmI lineage (and to some extent also in other 
lineages) and, importantly, these are substituted by different residues in the lineages 




Figure 4.15 Docking model of RlmI with AdoMet and the RNA substrate 
The protein backbone is shown as a grey Cα trace. The RNA is shown in yellow, with the 
target C1962 residue in orange. AdoMet is shown in magenta. Conserved residues 
predicted to be important for RNA-binding, AdoMet-binding, and catalysis are shown in 
blue, green, and red, respectively. 
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4.3.9 Evolutionary implications for the C-5 pyrimidine MTases 
In this paper, we have reported the crystal structure of RlmI and the preliminary model of 
its complex with AdoMet and the RNA substrate. Each of the three domains of RlmI has 
structural homologs that have been functionally characterized in other proteins although, 
in its entirety, the RlmI structure is most similar to proteins that still await functional 
classification. Through comparisons with the RlmD-RNA complex, we have identified an 
EEHEE domain in RlmI, which is a structure that RlmD uses to specifically recognize its 
RNA substrate. The presence of the EEHEE domain in addition to the shape and charge 
distribution of the substrate binding cleft in RlmI indicate that the mechanism by which 
RlmI recognizes its substrate is similar to that of RlmD.  
 
The comparative sequence and structural analyses presented here demonstrate clear 
evolutionary relationship between the DNA and RNA C-5 pyrimidine MTases. It was 
speculated previously that RNA:m5U MTases are an evolutionary intermediate for 
RNA:m5C and DNA:m5C MTases (Bujnicki et al., 2004) Since then, new structures were 
solved for RNA:m5C MTases and the DNA:m5C MTase complex of DNMT3a and 
DNM3L (Jia et al., 2007). Moreover, the function of the putative DNA:m5C MTase 
DNMT2 has been reassigned as a tRNA:m5C MTase (Goll et al., 2006). Finally, RlmI 
has been shown to be an RNA:m5C MTase and not an RNA:m5U MTase (Purta et al., 
2008; unpublished data) and this latter observation presumably also counts for the 
COG1092 homologs most closely related to RlmI. Using these new data, we investigated 
the relationship between pyrimidine-C5 MTases using structural comparisons. We 
calculated evolutionary distances based on the structural divergence of catalytic domains 
of all known pyrimidine-C5 MTase structures and their homologs (not all of which have 
been functionally characterized). As an outgroup, we used structures of two N-MTases, 
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RsmC that acts on RNA (Sunita et al., 2007) and PrmC that methylates proteins 
(Schubert et al., 2003) A distance matrix of Q(h) scores calculated from optimal pairwise 
comparisons has been used as an input for the Neighbor Joining algorithm; the resulting 
tree is shown in Fig. 4.16.  
 
 
Figure 4.16 Evolutionary tree of pyrimidine-C5 MTases (with N-MTases as an 
outgroup) 
 Colors indicate chemically similar reaction products, with grey reserved for proteins that 
have apparently lost their enzymatic function or whose functionality is uncertain. Broken 
lines indicate proteins that are functionally uncharacterized and lack functionally 
characterized close homologs. Arrows with letters indicate predicted timing of the 
following events: A) Cys residue appears in motif VI, development of the C-MTase 
activity on the N-MTase scaffold; B) N-terminal fusion with the “EEHEE” domain; C) 
loss of N-terminal β-hairpin, additional Cys residue appears in motif IV; D) Cys residue 
disappears from motif VI, circular permutation: the N-terminal helix is transferred to the 
C-terminus; E) switch in DNA MTase specificity to act on RNA; F) the ancestor of 




The structure-based phylogenetic analysis, while consistent with the hypothesis that m5C 
MTases most likely evolved with m5U MTases from a common ancestor, also reveals 
new details. The most parsimonious scenario inferred from the current tree is that the 
ancestral MTase, which predated all enzymes analyzed herein, contained an N-terminal 
β-hairpin. This hairpin was not been previously observed in enzymes of this type because 
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it has been lost in the RNA:m5C MTases (e.g. RsmB) and all the DNA:m5C MTases that 
have been characterized to date. This loss most likely resulted from steric incompatibility 
between the β-hairpin and the new substrate-binding domains that replaced EEHEE in the 
lineage containing RNA:m5C MTases RsmB and RsmF and all DNA:m5C MTases. 
Finally, DNMT2 is rather remotely related to all other RNA:m5C MTases and is the only 
enzyme of this type in a branch that otherwise exclusively contains DNA:m5C MTases. 
In conclusion, we predict that a common ancestor of these enzymes was most likely 
active on DNA, but could have also retained a latent ability to act on RNA, which has 
been later restored in DNMT2 (Fig. 4.16). 
 
With a continuous influx of new data, phylogenetic inferences are constantly being 
revised and hence the current scenario, although much more detailed than the one 
proposed previously, remains a working model and will be subject to further refinement 
as new data on structures and functions of related enzymes become available. In this 
context, the functional characterization of those members of COG1092 that lack Cys in 
motif VI will be of particular interest. The most obvious candidates for such analyses 
appear to be the C-terminal domain of RlmL, the SMU776 protein (2b78) and the 
AGC592 protein (2igt). 
 
 4.3.10 Coordinate deposition 
Coordinates and structure factors have been deposited with the RCSB Protein Data Bank 
















During the course of the research detailed in this thesis, we have met our objectives of 
carrying out structural studies on representative proteins from two of the most common 
categories of RNA modifying enzymes, pseudouridine synthases (RluF) and 
methyltransferases (RsmC and RlmI), using X-ray crystallography. In addition to 
structural studies, we have characterized these proteins using mass spectrometry, 
structure-guided point mutation, isothermal titration calorimetric studies, bioinformatics 
analyses and docking studies. We have also successfully dissected the structures in order 
to gain a better understanding of their domain organization as well as their substrate/co-
factor binding mechanism.  
 
Through a combination of some of the aforementioned experimental approaches, we 
discovered that the pseudouridine synthase RluF has three domains. The N-terminal 
domain contains the S4-like domain which is involved in RNA binding, and the central 
domain is the catalytic domain that contains the active site Aspartate. In addition, we 
have also identified the presence of a distinct C-terminal domain, which might also be 
involved in RNA recognition and binding. 
 
In case of the methyltransferase RsmC, interesting structural features were revealed by 
the 2.1 Å resolution crystal structure. Our work represents the first structurally 
characterized RNA methyltransferase that exhibits the interesting phenomenon of domain 
duplication. The enzyme possesses two distinct domains (NTD and CTD), which, despite 
significant structural homology with each other, seem to perform unique functions. 
Structure-based mutagenesis and isothermal titration calorimetric (ITC) studies on the 
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wild-type and mutant enzymes revealed that the critical residues for co-factor binding and 
catalysis are located in the CTD. Also, we discovered that the CTD requires the presence 
of the NTD as a chaperone, which will aid the proper folding of the CTD. Based on our 
experimental results that include the in vitro methyltransferase assay and ITC, we 
conclude that the NTD is the RNA binding domain and the CTD is the domain that is 
important for SAM binding and catalysis. 
 
Our third target RlmI has been recently shown to be the enzyme responsible for the 
methylation of the 23S rRNA at the C1962 position (unpublished data by Purta et al., 
2008) of E. coli. Here, we could observe the organization of the enzyme as three distinct 
domains, namely an N-terminal PUA like domain involved in RNA binding, a central 
domain and a C terminal domain that contains the catalytic cysteine residue. The enzyme 
shows a high degree of structural similarity to putative MTases from thermophilic 
bacteria and archaea. This raises interesting questions on the evolution of this class of 




Despite the fact that quite a handful of RNA-modifying enzyme structures are available, 
the exact mechanism for their exquisite specificity of substrate binding and recognition is 
still elusive. This has been mostly due to the fact that the structures of only two ψ-
synthases (TruB and RluA) and one rRNA methyltransferase (RUMA) are known in 
complex with their respective RNA substrates.Target recognition by RNA modifying 
enzymes has to be more intricate than that for DNA modification enzymes because of the 
very nature of the substrate. RNA has complex tertiary folds as a result of which the 
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target sequence cannot be easily read out directly. The process of modification occurs 
during different stages of RNA maturation and assembly of the ribosome. Now the major 
challenge for studying the biology of RNA modification is to understand how the 
enzymes can recognize their target when the substrate is partially or fully folded. 
However, to our advantage, it has been shown that these enzymes do not need the entire 
RNA in order to recognize their specific target and usually a minimal RNA substrate will 
suffice. This has been elegantly demonstrated in case of the TruB-TSL and RluA-RNA 
complex where the enzyme was co-crystallized with an oligonucleotide containing 5-
fluorouridine (f5U)(Pan et al., 2003; Hoang et al., 2006). In these cases, the stem-loop 
RNAs were found to be good substrates. 
 
Our future goal will be to characterize the binding of the above structurally characterized  
enzymes to their respective minimal length rRNA substrates [the oligonucleotides will be 
ordered from Dharmacon]. In order to achieve this, various experiments such as gel-shift 
assays and biophysical methods such as surface plasmon resonance and isothermal 
titration calorimetry will be used. This data, in combination with the powerful technique 
of X-ray crystallography will aid the mechanistic investigation of these enzymes. This 
venture will be useful in understanding how RNA modification enzymes function. Also, 
through comparison of the available structures of the RNA modifying enzymes, we can 
follow up on the hints that structural differences provide and answer some of the 
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